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AbstratThe high FIR luminosity of starburst (SB) galaxies is a diret measure oftheir SFR and implies an high SN rate. This seems in ontradition withthe fat that very few SNe have been disovered in SB. Likely, this is re-lated to the presene of dust that introdue a bias due to extintion . Asearh in the IR, beause of the redued extintion, is deemed to detetedthe hidden SN population. Early attempts of NIR searhes (e.g Mannuiet al 2003, Mattila et al 2007) show no evidene of enhaned SN rate instarbursts, but statistis is still very low. For this reason we started a newomplementary searh to measure the SN rate using an exellent instrumentas HAWK-I�VLT in a sample of 30 nearby starburst galaxies. We obtainedabout 270 visits during 3 di�erent runs, during whih we found 6 SNe: 4with spetrosopi on�rmation and 2 without spetrosopi on�rmation,due to their faintness. Through 500 MonteCarlo simulations we extimated,from SFRs based on FIR luminosity, the expeted number of events in oursearh and, with the adopted parameters (IMF, extintion distribution, SFdistribution...) and the measured searh detetion e�ieny, we predit, onaverage, the disovery of 5.4±2.3 SNe. The expeted number agrees verywell with the observed number. Indeed we found that the expeted num-ber of SNe is ≤ to 6 in 55% of the experiments. Even if we onsider onlythe SNe with spetrosopi lassi�ation (4) their ourrene is signi�ant(22%). We also disussed the e�ets of di�erent assumptions and hoies ofthe model parameters. The main onlusion is that the number of expetedSNe is onsistent with the observations, so not on�rming the laim of pre-vious infrared SN searh that estimated a number of expeted SNe higherthan observed.In another part of the PhD projet we used LBC�LBT to estimate the SNrate at high redshift, in order to have an independent hek of the laim of adeline of the Ia SNe rates at z > 0.8 (Dahlen et al., 2004, 2008). If on�rmed,this may have important onsequenes for the use of Ia SNe as osmologi-al probes. We obtained only 2 of the 6 epohs planned. However, a sampleof 14 andidates have been found, a number onsisent with expetations(18). Unfortunately, although this is a very interesting and promising work,the hanes of suess were limited by bad weather and sheduling problems.i



The �rst hapter introdue the phenomenon of supernovae, with thier las-si�ation and thier use as osmologial probes. In the seond hapter is de-sribed the star formation history, with the main indiators of star formation.Is shown also the sueprnova rate problem introdue in the work of Horiuhiet a. (2011). The third hapter addresses the fundamental relation betweenstar formation rate and supernova rate, with the di�erent impliations of theCC SN rate and type Ia rate. Then i show the measurements of the SN rateduring the years at di�erent redshift. In this ontext, a desription of ourwork with LBT is shown. To introdue the next hpater, i desribe the im-portane to analyze the SN rate in starburst galaxies, showing at the sametime previous results of optial and IR SN searhes in starburst galaxies.Th fourth hapter is a detailed desription of our searh strategy and dataredution. In the seond part of the hapter is shown the SN sample, withdesription and light urves of all SN disovered. The �fth hapter is fousedon the estimation of the expeted SN rate with the MonteCarlo simulation.A detailed desription of the simulation tool qith the main input parameteris given. In the seond part i desribe the results of simulation, omparingto the observed number. In the last hapter i summarized the entire work,with the sienti� onlusion and the future perspetive of the IR searhesand the SN searhes in starburst galaxies.
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SommarioL'elevata luminositá nel lontano infrarosso delle galassie starburst (SB) éuna misura diretta del loro tasso di formazione stellare he a sua volta im-plia un'elevata frequenza di supernovae. Questo tuttavia sembra in on-traddizione on il fatto he sono state soperte pohe supernovae in questegalassie. Molto probabilmente questo é legato alla presenza di grandi quan-titá di polvere he introduono un bias dovuto al fenomeno dell'estinzione.Quindi, una riera di supernovae ondotta alle lunghezze d'onda infrarosse,per via della ridotta estinzione, é piú indiata per rilevare la poplazionedi supernovae osurata dalla polvere. I primi tentativi di osservare questeseprnovae nel viino infrarosso (Mannui et al., 2003; Mattila et al., 2007)non hanno tuttavia mostrato un aumento evidente della frequenza di super-novae in galassie starburst, anhe se �no ad ora la statistia rimane piuttostobassa. Per questa ragione abbiamo iniziato un nuovo e omplementare pro-getto he onsiste nella riera di supernovae in un ampione di 30 galassiestarburst on lo sopo di misurare la frequenza di supernovae, utilizzandoun eellente strumento quale HAWK-I�VLT. Abbiamo ottenuto un totaledi 270 epohe durante 3 di�erenti periodi di osservazioni, durante i quali ab-biamo trovato 6 supernovae: 4 on onferma spettrosopia, 2 senza a ausadella loro luminositá troppo debole. attraverso 500 esperimenti MonteCarloabbiamo stimato, partendo dal tasso di formazione stellare basato sulla lu-minositá nel lontano infrarosso, il numero atteso di supernovae nella nostraampagna osservativa, e, on i parametri adottati (onernenti la funzioneiniziale di massa, l'estinzioni, la distribuzione della formazione stellare...) ela misura della magnitudine limite di tutte le epohe, i aspettiamo, in me-dia, la soperta di 5.4±2.3 supernovae. Il numero atteso é quindi in ottimoaordo on quello delle supernovae osservate. Infatti il numero di super-novae attese é ≤ a 6 nel 55% degli esperimenti. Anhe se onsideriamo solo ilnumero di supernovae onfermate spettrosopiamente (4), il loro veri�arsié omunque signi�ativo (22%). Abbiamo inoltre disusso gli e�etti delledi�erenti assunzioni e selte dei parametri della simulazione. La prinipaleonlusione é he il numero di supernovae é onsistente on le osservazioni,non onfermando in tal modo i risultati dei preedenti lavori di riera disupernovae nell'infrarosso, ovvero he la frequenza di supernovae aspettatarisultava essere piú alta di quello osservata.iii



In un'altra parte del progetto di dottorato abbiamo utilizzato LBC�LBT perstimare la frequenza di supernovae ad alti redshift, on lo sopo di veri�areil delino della frequenza di supernovae di tipo Ia a redshift >0.8 (Dahlenet al., 2004, 2008). Se onfermato, questo potrebbe avere importanti on-seguenze sull'utilizzo delle supernovae Ia in ambito osmologio. Abbiamoottenuto solo 2 epohe delle 6 previste, riusendo omunque a soprire 14 ro-busti andidati (un numero onsistente on le attese, 18). Sfortunatamente,sebbene questo fosse un progetto molto interessante e promettente, le hanesdi suesso sono state severamente limitate dal attivo tempo e dai numerosiproblemi so�erti dallo strumento.Il primo apitolo introdue il fenomeno delle supernovae, on la relativa las-si�azione e la loro importanza in ambito osmologio. Il seondo apitolo èdediato all'importanza dello studio della formazione stellare in osmologia,on la desrizione dei relativi indiatori. Viene anhe illustrato il problemarelativo alla frequenza di supernovae osì ome desritto in Horiuhi et al.(2011). Il terzo apitolo è dediato alla fondamentale relazione tra tasso diformazione stellare e frequanza di supernovae. Vengono quindi illustrate lediverse misure della frequenza di supernovae negli anni a di�erenti redshift.viene poi desritto brevemente il nostro lavoro sulla frequenza di supernovaead alti redshift on l'utilizzo del telesopio LBT. In seguito, vengono in-trodotti i onetti base per i futuri apitoli: osa sono e perhè sono im-portanti le galassie starburst e i preedenti lavori di riera di supernovaenell'ottio e nell'infrarosso. Nel quarto apitolo viene desritta la strategiaosservativa ed il proedimento di riduzione dei dati. La seonda parte è ded-iata alla desfrizione del ampione di supernovae trovate. Il quinto apitolointrodue i dettagli della simulazione MonteCarlo per stimare il numero disupernovae aspettate, e onfronta questo numero on quello osservato. Ilquinto apitolo è dediato al riassunto del lavoro on relativo onlusionisienti�he e prospettive future della riera infrarossa di supernovae e dellariera in generale in galassie starburst.
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Aims of the workThe rate of Supernovae is a ruial quantity in astrophysis. Measurementsof the ore ollapse SN rates give information on the range of initial massesof their progenitors, as well as on the slope of the initial mass funtion atthe high mass end. The SN Ia rate in galaxies undergoing strong SF an in-stead help to asses the relative importane of the prompt omponent, whihis strongly debated. But one of the main problems for measuring SN rateis related to the presene of dust that introdue a bias due to extintion.This is true in partiular in star forming systems, as SB galaxies, where dustobsuration is usually larger than in normal galaxies. At the same time, therole of SN rate is espeially important in SB, where their high FIR luminos-ity is a diret measure of their high SFR, that implies an high SN rate. Inpartiular, a large fration of the massive star formation took plae in LIRGsand ULIRGs: this implies that most SNe in starburst galaxies are expetedto be ore ollapse events, with an expeted rate at least one or two orders ofmagnitude larger than in normal galaxies. This seems in ontradition withthe fat that very few SN have been disovered in SB galaxies.The immediately explanation is that most of the SNe are so embedded intothe dust that their luminosity is vastly redued even at near-IR wavelengths(likely AV > 30 mag). In this ase, a NIR searh for SN an detet only afration of the total SN rate, and a survey at longer wavelenght should alsobe planned (e.g. radio searhes).Another possibility is that if 100% of the FIR �ux omes from the entralarse, then the majority of the SNe are in the nulear regions, where thepresene of the residuals after subtration, the problem of the spatial resolu-tion of the instruments and the higher extintion in these regions make thedisovery of the SNe very di�ult.Another possibility is the presene of AGNs dominating the FIR �ux of mostof the galaxies: in this ase the FIR �ux would not be related to the SN rate.The possibility that the relation between SFR and FIR (and than the rela-tion between SFR-SNR) is inorret ould have fundamental impliation onthe study of the galaxy evolution. However, this is not a likely possibilityas there is a robust onordane among several di�erent methods and thisrelation has been stable through the years.At the present day, unfortunately, the statistis is still very low to say with3



LIST OF TABLESertainty where the problem lies. For this reason we follow an alternativeomplementary approah, whih makes use of an exellent instrument asHAWK-I at the ESO Very Large Telesope. Through a series of MonteCarlosimulations we will ompute the expeted SN rate and we will ompare thisvalue with the observed rate, in order to verify whether the observed SNrates in SB galaxies is onsistent with their star formation rate, the latter asdedued from the FIR luminosity.
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Chapter 1
An introdution to supernovae
Sine antiquity, observers of the sky were a�eted by the sudden appearaneof new stars in the sky and, for at least 2000 years, these phenomena havenoted in their reords and arhives. Only with the work of F. Zwiky and W.Baade in 1930 they began to understand the di�erene between what werethen lassi�ed as ordinary novae and objets muh more brilliant, for whihwas oined the term supernova. Sine then, thousands of supernovae havebeen disovered, either randomly or through spei� researh and today weobserve several hundred events per year.Probably the brightest supernova among those doumented in the past wasthat whih shone in 1006. One of the most famous supernovae is insteadthat appeared in 1054, she also extraordinarily bright enough to be visiblein broad daylight. The last supernova observed in our galaxy is the SN 1604.In more reent times, the most studied supernova ever in all bands is theSN1987A in the LMC, the �rst visible to the naked eye in the last 400 years.Generally speaking, a supernova originates from the thermonulear explosionof a white dwarf or from the ore ollapse of a massive star. The subseqentexplosion makes a lamp with brightness billions of times that of our Sun.In astrophysial signi�ane, the explosion either marks the end of a mas-sive (>8 M⊙) star and the birt of a neutron star, or means the ompletedestrution of a ooling white dwarf fored into explosive arbon burning.Supernovae are linked to some of the most important astrophysial themes,suh as stellar evolution, stellar mass loss, ollapse and explosion physis, ra-diative hydrodynamis, shok physis, galati struture and hemial evo-lution, and osmology. Supernovae produe a major fration of the heavyelements whih are widely observed in interstellar medium. Beause of theirhuge brightness, supernovae an be used as standard andle in measuringlarge sale of distanes. 5



CHAPTER 1. AN INTRODUCTION TO SUPERNOVAE1.1 Classi�ationSNe are lassi�ed into two types aording to the explosion mehanism.These types are thermonulear (Ia) and ore-ollapse (II, Ib/) SNe.The type Ia SNe are believed to arise from binary star systems onsistingof a degenerate arbon-oxygen white dwarf (WD) with a red giant or redsupergiant ompanion (e.g. Woosley & Weaver 1986). A white dwarf is theendpoint for stars of up to about 8 times that of the Sun. When it get tothe white dwarf stage the star has a mass less than 1.4 times the mass ofthe Sun, and is about the size of the Earth. In a binary star system, thewhite dwarf's ompanion star is often a red giant. The stars may be loseenough to eah other and the red giant large enough, that material may �owfrom the red giant onto the white dwarf. The WD aretes material from itsompanion until reahing the Chandrasekhar limiting mass (∼1.4 M⊙). Atthis point, the eletrons degenerate pressure is no longer able to balane thegravitational pressure. As the radius of the WD dereases the density andtemperature inrease. This results in a thermonulear detonation of the en-tire star. Nothing is left behind, exept whatever elements were left over fromthe white dwarf or forged in the supernova blast. Among the new elementsis radioative nikel, whih liberates huge amounts of energy that power thelight urve. The type Ia SN luminosity and lighturve are believed to bepowered by the radioative deay (56Ni→56Co→56Fe) of the 56Ni formed inthe thermonulear fusion reation.While the progenitors of type Ia SNe are old (∼0.5-3 Gyr, Yoshii et al.1996), low mass stars, ore-ollapse SN progenitors are massive stars withinitial masses above ∼8 M⊙ (Kenniutt, 1984) and lifetimes less than a fewtens of Myrs. At the end of the lifetime of a massive star, an iron ore isformed with its mass approahing the Chandrasekhar limiting mass. Thenthe ore yields to gravity and begins shrinking (gravitational ollapse). As itshrinks, it grows hotter and denser. A new series of nulear reations our,temporarily halting the ollapse of the ore. When fusion in the ore eases,the star begins the �nal phase of gravitational ollapse. The ore tempera-ture rises to over 100 billion degrees as the iron atoms are rushed together.The repulsive fore between the nulei is overome by the fore of gravity. Sothe ore ompresses but then reoils. The energy of the reoil is transferredto the envelope of the star, whih then explodes and produes a shok wave.As the shok enounters material in the star's outer layers, the material isheated, fusing to form new elements and radioative isotopes. The shok thenpropels that matter out into spae. The total kineti energy released in theexpanding envelope of the star is ∼ 1051 ergs whih is only ∼1% of the totalenergy emitted in the form of the neutrinos. As the envelope expands, ∼ 1049ergs of energy is radiated, resulting in the SN reahing a peak luminosity of
∼ 109 L⊙. The CCSN luminosity and its evolution are believed to be pow-ered mainly by the SN shok and the radioative deay (56Ni→56Co→56Fe)6



1.2. OBSERVATIONAL CLASSIFICATION OF SUPERNOVAEof the (56Ni formed in the explosion (e.g. Eastman 1994).1.2 Observational lassi�ation of supernovaeSNe were originally separated into just two types, I and II, aording to theobserved presene of hydrogen in their spetra (Minkowski 1941). These twotypes were later divided into subtypes aording to other spetral hara-teristis and light urve shapes. In Fig. 1.1, a diagram from Turatto (2003),demonstrates the optial lassi�ation of SNe. The lassi�ation of SNe isgenerally performed on the optial spetra but, to some extent, also on theirlight urves. Sine SNe are brighter near their maximum light, for obviousreasons the lassi�ation is based on the early spetra, whih onsist of athermal ontinuum and P-Cygni pro�les of lines formed by resonant satter-ing. This means that the SN types are assigned on the basis of the hemialand physial properties of the outermost layers of the exploding stars. The�rst two main lasses of SNe were identi�ed on the basis of the preseneor absene of hydrogen lines in their spetra: SNe of type I (SNI) did notshow H lines, while those with the obvious presene of H lines were alledtype II (SNII). In the mid-1980s, evidene began to aumulate that thepeuliar SNI formed a lass physially distint from the others. The objetsof the new lass, haraterized by the presene of HeI , were alled type Ib(SNIb), and �lassial� SNI were renamed as type Ia (SNIa). The new lassfurther branhed into another variety, SNI, based on the absene of He Ilines. Whether these are physially distint types of objets has been longdebated. In several ontexts they are referred to as SNIb/.1.2.1 Type Ia (thermonulear) supernovaeIgnition of nulear fuel under higly degenerate onditions leads to a ther-monulear runaway, beause the gas does not expand in response to the loalenergy generation. The loal temperature then inreases, further promotingnulear burning, whih may lead to explosion. Type Ia SNe are believed toarise from this kind of explosion, as stellar evolution naturally provides idealandidates for these events, i.e. WDs whih manage to reah ignition on-ditions beause their mass grows due to aretion from a ompanion. Themost relevant observational fats whih support this model are:� H lines are not deteted in the SNIa spetra, exluding progenitorswhih retain their H rih envelope until explosion, i.e. Red Supergiants,Blue Supergiants and AGB stars.� SNIa our in all galaxy types, inluding Elliptials, and are not ex-lusively assoiated to young stellar populations. This implies that thedelay time of their progenitor varies within a wide range. WDs are the7



CHAPTER 1. AN INTRODUCTION TO SUPERNOVAE

Figure 1.1: Supernova taxonomy aording to spetra and light urves (fromCappellaro & Turatto (2001)).evolutionary end point of stars with M ≤ 8M⊙, whose evolutionarylifetimes range from ∼ 40 Myr up to a Hubble time.� Light urves and spetra of SNIa are remarkably similar, espeiallyompared to other SN kinds. WDs have a harateristi struture whiheasily aounts for the uniformity of SNIa events.� The light urve of SNIa is well explained as powered by the radioativedeay of 56Ni to 56Co and then of 56Co to 56Fe. Ignition of He orof arbon under highly degenerate onditions leads to the produtionof 56Ni in high quantity, when the nuleosynthesis proeeds to fullinineration and Fe group elements are the ultimate burning ashes.The aepted paradigm for SNIa preursors onsists in CO WDs (with
M ≤ 8M⊙) whih manage to explode. The explosion of a Chandra CO WDaounts very well for the light urves, nuleosyntheti yield, and spetra ofthe bulk of SNIa events, and it is onsidered the most suessful model.The spetra are haraterized by lines of intermediate mass elements suh asalium, oxygen, silion and sulfur during the peak phase and by the abseneof H at any time. With age the ontribution of the Fe lines inreases andseveral months past maximum the spetra are dominated by [Fe II℄ and [FeIII℄ lines. 8



1.2. OBSERVATIONAL CLASSIFICATION OF SUPERNOVAE

Figure 1.2: Top: Light urves of the main SN types. Bottom: The spetra ofthe main SN types at maximum, three weeks, and one year after maximum(from Cappellaro & Turatto (2001), Turatto (2003)).
9



CHAPTER 1. AN INTRODUCTION TO SUPERNOVAEThe analysis of homogeneous sets of optial data led to the disovery of a or-relation between the peak luminosity and the shape of the early light urvewith brighter objets having a slower rate of deline than dimmer ones. Thisorrelation has been employed to alibrate SNIa as useful distane indiatorsup to osmologial distanes (see later). It is known that the peak luminos-ity of SNIa is diretly linked to the amount of radioative 56Ni produed inthe explosion. Hene SNIa, having di�erent magnitudes at maximum, areprobably the result of the synthesis of di�erent amounts of radioative 56Ni.Moreover, there are indiations of large varianes (up to a fator 2) in thetotal mass of the ejeta.Observations at other wavelengths have provided very useful information. Inpartiular, infrared and I-band light urves have shown that the light urvesof SNIa are haraterized by a seondary peak 20-30 days after the B maxi-mum.The light urves of faint objets are steeper than those of other SNIa, prob-ably beause of a progressive transpareny to positrons from radioativedeay. Faint SNIa also show slower expansion veloity of the emitting gasboth at early and late epohs.The alibration of the absolute magnitudes of a number of type Ia SNe byCepheids range from MV = -19.34 to MV = -19.64 with small dispersions.1.2.2 Core Collpase SupernovaeCore Collapse SNe exhibit a large variety of light urves and spetra. Thislass inludes Type Ib and I (no hydrogen lines in the early spetra) andType II Sne, whih are distinguished in four lasses (SNIIP, SNIIL, SNIIn andSNIIb), aording to the shape of the light urve and spetral harateristis.There's no doubt that (most) CC SNe orrespond to the death of massivestars whih evolve all the way up to the formation of a massive iron ore. The�nal ollapse of the ore and its boune at the neutron star formation areresponsible for initiating the explosion of the outer layers, whih inlude anulearly proessed mantle and any H rih envelope surviving the preeedingevolution. The suessful ejetion of these layers is seured by the absorptionof a tiny fration (∼ 0.01) of the energy �ux of the neutrinoes being releasedby the ollapsed ore. Other explosion mehanisms (e.g. eletron apture ina ollapsing ONeMg ore, or pair instability SNe in very massive objets)may be resposible for a few events, respetively at the lower and upper massrange of SNII progenitors. A CC SN leaves a ompat remnant, whih maybe a neutron star or a blak hole depending on whether the remnant massis lower or higher than about 2 M⊙.Type Ib and I SupernovaeType Ia events whih do not show the silion feature are assigned sublassesIb and I. Other haraterizing features are the absene of H lines and thepresene of He I. The exited levels of He produing suh lines are thought10



1.2. OBSERVATIONAL CLASSIFICATION OF SUPERNOVAEto be populated by fast eletrons aelerated by γ-rays from the deay of
56Ni and 56Co. SNe Ib show lines of neutral helium near the maximum lightwhereas SNe I show only weak evidene for helium. Type Ib and I appearonly in spiral type galaxies and are believed to be produed by the samemehanism as type II events i.e. ore-ollapse. The progenitors of SNe Iband I are believed to have lost, respetively, their hydrogen, or even heliumenvelope via stellar mass-loss or mass transfer to a ompanion star (e.g.Filippenko 2001), before the explosion.In order to investigate the physial di�erenes between these two lasses,the signatures of He were searhed arefully. SNI di�er from SNIb by theHe abundane rather than by the amount of mixing of 56Ni in the heliumenvelope. Modest di�erenes in the He I line optial depths might transformtype Ib into type I objets. In addition to the di�erent strengths of He lines,it has been suggested that permitted oxygen lines are relatively stronger intype I than in Ib and the nebular emission lines broader. In general, typeIb appear more homogeneous than type I.Type II supernovaeType II SNe are haraterized by the obvious presene of H in their spetra.They avoid early type galaxies, are strongly assoiated with regions of reentstar formation and are ommonly assoiated with the ore ollapse of massivestars.Type II events are divided into four sub-types: IIP, IIL, IIn, and IIb. The twomost ommon ones IIP (plateau) and IIL (linear) are distinguished by thedi�erent shapes of their light urves. Type IIP SNe show a plateau in theiroptial light urves from about 20 days to about 100 days post maximumlight. Due to the plateau phase the light from these events delines onlyby about 1-2 magnitudes during the �rst ∼100 days whereas the linearlydelining (type IIL) SN light urve fades by about 4 magnitudes over thesame period (Patat et al. 1994). The di�erent light urve behaviour of thetype IIP and IIL lasses is believed to be due to the di�erent masses ofhydrogen in the SN ejeta. The hydrogen mass in SN IIP ejeta rangesaround 5-10 M⊙ whereas the SNe showing type IIL light urves have only
∼1-2 M⊙ hydrogen in their ejeta (Cappellaro & Turatto 2001). During theplateau phase the radius of the SN photosphere and the e�etive temperatureremain relatively onstant due to the reombination and opaity e�ets inthe massive hydrogen envelope (Eastman et al. 1994). After ∼100 days fromthe peak the luminosity of both types of SNe delines exponentially, beingpowered by the radioative deay from 56Co to 56Fe.1.2.3 Type IIb supernovaeA Type IIb supernova has a weak hydrogen line in its initial spetrum, whihis why it is lassi�ed as a Type II. However, later on the H emission beomesundetetable, and the spetrum more losely resembles a Type Ib supernova.11



CHAPTER 1. AN INTRODUCTION TO SUPERNOVAEThe progenitor ould have been a giant star whih lost most of its hydrogenenvelope due to interations with a ompanion in a binary system, leavingbehind the ore that onsisted almost entirely of helium. As the ejeta ofa Type IIb expands, the hydrogen layer quikly beomes more transparentand reveals the deeper layers. The lassi example of a Type IIb supernova isSupernova 1993J. The IIb lass was �rst introdued (as a theoretial onept)by Ensman & Woosley 1987.Type IIn supernovaeType IIn SNe show narrow emission lines on top of broad emission ompo-nents. They show only weak P-Cygni line pro�les. The early time ontinuaare very blue, He I emission is often present and, in some ases, narrowBalmer and Na I absorptions are visible.The observed properties of type IIn SNe are believed to be due to the in-teration of the SN ejeta with a dense irumstelalr medium (CSM). Theinteration of the fast ejeta with the slowly expanding CSM generates aforward shok in the CSM and a reverse shok in the ejeta. The shokedmaterial emits energeti radiation whose harateristis strongly depend onthe density of both the CSM and the ejeta, and on the properties of theshok. Thus the great diversity of observed SNIIn an provide lues to thedi�erent history of the mass-loss in the late evolution of progenitors. Highmass loss rates of up to ∼ 10−3M⊙yr
−1 have been inferred for the progenitorstars of type IIn events resulting in high CSM densities of up to ∼ 107 m−3(Chugai 1997).1.3 Cosmology from Type Ia SupernovaeSNe Ia appear to be photometrially quite homogeneous, generally follow-ing standard light-urve shapes to within 0.1 mag and having an absolutemagnitude satter of no more than 0.25 mag. With an absolute-magnitudesatter of no more than 0.25 mag, SNe Ia were expeted to play an inreas-ingly important role in osmology. This luminosity homogeneity, togetherwith the extremely high luminosity of SNe Ia (approahing 10010L⊙) thatmakes them detetable aross the universe, plus the fat that unlike galaxies,supernovae are observed as point soures whih failitates aurate photom-etry, make SNe Ia extremely attrative as distane indiators for osmology.With advanes in observation and modeling, SNe Ia are ertain to beomeinreasingly valuable as extragalati distane indiators. Relatively nearbySNe Ia (z ≤ 0.1) have been used to probe departures from pure Hubble �owand to measure the value of the Hubble onstant. More remote SNe Ia (z ≤1) have been used to test the reality of the universal expansion and measurethe deeleration parameter.In the standard model, an obvious possible reason for the homogeneity of12



1.3. COSMOLOGY FROM TYPE IA SUPERNOVAESNe Ia is that eah progenitor white dwarf must approah the �xed Chan-drasekhar mass before it an explode. Possible reasons for the mild diversitythat exists even among normal SNe Ia are that the range in the initial massesand ompositions (espeially the arbon to oxygen ratio) of the white dwarfs,and di�erenes in the time history of their mass aretion rates, ould lead topre-explosion strutural di�erenes that ause a spread in the ejeted massesof 56Ni.Phillips and Hamuy of the CTIO (Chile) have shown that it is possible toalibrate a relationship between the shape of the urve of light and mag-nitude of the maximum, whih has made possible the measurement of thedistane with an auray of about 7%. In this way the type Ia SNe havereovered their role as distane indiators.In the nineties was born some researh groups (The High-Z Sn Searh (HZSNS)or The supernova Cosmology Projet (SCP) with the express purpose of mea-suring the osmologial parameters of the universe through the observationof supernovae Ia at high redshift. At the end of the nineties both groupsrealized something unexpeted: the results were in favor of an aeleratedexpansion and a non-zero osmologial onstant.It appears that the universeis permeated with some form of dark energy that ats against gravity.The error ellipses assoiated with the measures taken by the study of super-novae and those obtained from the study of the mb, determined individuallya wide range of allowed values. Due to their di�erent orientation in the planeof Figure 1.3, their intersetion de�nes a relatively narrow zone for the pairs(ΩΛ,ΩM ) of possible values. In partiular, the best �ts give a osmologially�at Universe with ΩΛ ≃ 0.7 and ΩM ≃ 3.
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CHAPTER 1. AN INTRODUCTION TO SUPERNOVAE

Figure 1.3: Diagram ΩM ,ΩΛ. Are shown he error ellipses assoiated withthe measures taken by the study of supernovae and those obtained from thestudy of the mb (with the BOOMERanG experiment. From the intersetionof the di�erent results is lear that the Universe is �at, dominated by theDark Energy.
14



Chapter 2Star FormationThe determination of the star formation history (the temporal evolution ofthe star formation) of the Universe is a key goal of modern osmology, as itis ruial to our understanding of how struture in the Universe forms andevolves. The proess of galaxy formation is one of the many open questionsin astronomy. Existing theories are grouped into two ategories:� Monolithi: Olin Eggen, Donald Lynden-Bell, and Allan Sandage in1962 (Eggen et al., 1962), proposed a theory that disk galaxies formthrough a monolithi ollapse of a large gas loud. As the loud ol-lapses the gas settles into a rapidly rotating disk. This senario is knownas a top-down formation senario;� Hierarhial : observations of the early universe strongly suggest thatobjets grow from bottom-up, i.e. smaller galaxies build up larger onesby merger events (Cole et al., 1994)Obviously, di�erent galaxy formation models imply di�erent star forma-tion histories (hereafter, SFH):� Monolithi: in this ase a burst is followed by a delining rate of the starformation, driven by the gas supplied by evolved stars. Clearly, thereare di�erent SFH slope for di�erent morphologial types of galaxies;� Hierarhial : in this ase the star formation is not ontinuous: the burstis triggered by a tidal interations. The di�erent morphologial typesare reated by the magnitude of the mergers.The study of the SFH an help to disriminate the atual senario.2.1 Star Formation IndiatorsStar formation is traed by a number of observables, often omplementaryto eah other. IR-UV ontinuum emission and optial line emission an be15



CHAPTER 2. STAR FORMATIONused to determine the spei� SFR in galaxies, and an extintion orretedSF rate density, SFR, an be estimated.Ultraviolet ontinuumThe ultraviolet (UV)(1250-2500Å) is where the bulk of the energy fromyoung, massive stars is emitted. The main advantages of use UV ontin-uum are that it is diretly tied to the photospheri emission of the youngstellar population and it an be applied to star-forming galaxies over a widerange of redshifts. As a result, it is the most powerful probe of the osmologi-al evolution in the SFR. The main drawbak of the method is its sensitivityto extintion.The other main limitation, whih is shared by all of the diret methods, isthe dependene of the derived SFRs on the assumed form of the IMF. Theintegrated spetrum in the 1500 to 2500 Å range is dominated by stars withmasses above ∼5 M⊙, so the SFR determination involves a large extrapola-tion to lower stellar masses.Reombination linesYoung stars emit UV radiation that ionizes atoms (mostly H) in nearby gaslouds. Free eletrons in the ionized gas then reombine with the atoms,then they jump down the energy level �ladder� to less exited states. In mostappliations the SFR has been derived from measurements of the Hα line, butother reombination lines, inluding Hβ, Pα, Pβ, Brα, and Brγ, have beenused as well. The primary advantages of this method are its high sensitivityand the diret oupling between the nebular emission and the massive SFR.The star formation in nearby galaxies an be mapped at high resolutioneven with small telesopes, and the Hα line an be deteted in the redshiftedspetra of starburst galaxies to z≫2.Extintion is probably the most important soure of systemati error in Hαderived SFRs. Muh higher extintion is enountered in loalized regions,espeially in the the dense HII regions in irumnulear starbursts, and therethe near-IR Pashen or Brakett reombination lines are required to reliablymeasure the SFR.The ionizing �ux is produed almost exlusively by stars with M > 10M⊙,so SFRs derived from this method are espeially sensitive to the form of theIMF. Fortunately, both the Hα equivalent widths and broadband olors ofgalaxies are very sensitive to the slope of the IMF over the mass range 1-30M⊙, and these an be used to onstrain the IMF slope.16



2.2. WHERE IS STAR FORMATION?Far InfraredA signi�ant fration of the bolometri luminosity of a galaxy is absorbedby interstellar dust and re-emitted in the thermal IR(∼ 10 − 300µm). Theabsorption ross setion of the dust is strongly peaked in the ultraviolet, soin priniple the FIR emission an be a sensitive traer of the young stellarpopulation and SFR.The e�ay of the FIR luminosity as an SFR traerdepends on the ontribution of young stars to heating of the dust and on theoptial depth of the dust in the star forming regions.The simplest physialsituation is one in whih young stars dominate the radiation �eld throughoutthe UV-visible and the dust opaity is high everywhere, in whih ase theFIR luminosity measures the bolometri luminosity of the starburst. In suha limiting ase the FIR luminosity is the ultimate SFR traer, providing whatis essentially a alorimetri measure of the SFR. Suh onditions roughlyhold in the dense irumnulear starbursts that power many IR-luminousgalaxies. Therefore the FIR emission is an exellent measure of the SFR industy irumnulear starbursts.Radio ontinuumThe non-thermal radio emission is a traer of the supernova ativity (super-nova remnants) in a galaxy and is orrelated with far-infrared luminosity.For this traers there isn't the problem of dust extintion but it su�ers fromunertain alibration.In reent years, all wavelength regions have been exploited to trak downstar formation at all redshifts, and trae the star formation history of theUniverse. At high redshift the Lyman-break galaxies (Steidel et al., 1999,1996) provide the bulk of the UV light from star formation, while SCUBAhas been used to detet the brightest FIR soures in the range 1 . z . 3−4(e.g., Barger et al. 1999,2000; Smail et al. 2000; Chapman et al. 2003). TheLyman-break galaxies are, by seletion, atively star-forming systems, resem-bling in many aspets loal starburst galaxies (Pettini et al. 1998; Meurer etal. 1997; Meurer, Hekman & Calzetti 1999) , and possibly overing a largerange in metal and dust ontents (Pettini et al. 1999; Steidel et al. 1999;Calzetti 1997). The SCUBA soures oupy the high-end of the FIR lumi-nosity funtion of galaxies (Blain et al. 1999), and are dust-rih objets. Therelationship between the UV-seleted and FIR-seleted luminous systems isnot yet lear.2.2 Where is Star Formation?There are two very di�erent regions of star formation inside galaxies (withdi�erent regimes):one in the extended disks of spiral and irregular galaxies;the other in ompat, dense gas disks in the enters of galaxies.17



CHAPTER 2. STAR FORMATION

Figure 2.1: emission-line equivalent widths for a large sample of nearby spiralgalaxies℄Distribution of integrated Hα+[NII℄ emission-line equivalentwidths for a large sample of nearby spiral galaxies, subdivided by Hubbletype and bar morphology. The right axis sale shows orresponding valuesof the stellar birthrate parameter b, whih is the ratio of the present SFRto that averaged over the past (Kenniut et al.1998)DisksThe absolute SFRs in galaxies, expressed in terms of the total mass of starsformed per year, show an enormous range, from virtually zero in gas-poorelliptial, S0, and dwarf galaxies to ∼ 20M⊙yr
−1 in gas-rih spirals. Muhlarger global SFRs, up to ∼ 100M⊙yr

−1, an be found in optially seletedstarburst galaxies, and SFRs as high as ∼ 1000M⊙yr
−1 may be reahed inthe most luminous IR starburst galaxies. The highest SFRs are assoiatedalmost uniquely with strong tidal interations and mergers.Figure 2.1 shows a range of more than two orders of magnitude in the SFRper unit luminosityThe strong trends in disk SFRs that haraterize the Hubble sequene pre-sumably arise from more fundamental relationships between the global SFRand other physial properties of galaxies, suh as their gas ontents or dynam-ial struture. Figure 2.2 shows the relationship between the disk-averaged18



2.2. WHERE IS STAR FORMATION?SFR surfae density ΣSFR and the average total (atomi plus moleular) gasdensity, for a sample of 61 normal spiral galaxies with Hα, HI, and CO ob-servations (Kenniutt 1998). The �gure shows that disks show large rangesin both the mean gas density (fator of 20-30) and mean SFR surfae density(fator of 100). The data points are oded by galaxy type, and they showthat both the gas and SFR densities are orrelated with Hubble type onaverage, but with large variations among galaxies of a given type. In addi-tion, there is an underlying orrelation between SFR and gas density that islargely independent of galaxy type. This shows that muh of the satter inSFRs among galaxies of the same type an be attributed to an underlyingdispersion in gas ontents (Kenniutt 1989, 1998).What other global properties of a galaxy in�uene its SFR? It is plausibleto expet the mass, bar struture, spiral arm struture, or environment tobe important.2.2.1 Cirumnulear regionsThe star formation that takes plae in the irumnulear regions of galaxiesalso follows quite di�erent patterns along the Hubble sequene, relative tothe more extended star formation in disks. These distintions are espeiallyimportant in early-type galaxies, where the nulear regions often dominatethe global star formation in their parent galaxies. It has been known fromthe early photographi work of Morgan (1958) and Sersi&Pastoriza (1967)that the irumnulear regions of many spiral galaxies harbor luminous star-forming regions. The opening of the mid-IR and FIR regions fully revealedthe distintive nature of the nulear star formation.The IRAS survey led tothe disovery of large numbers of ultraluminous star-forming galaxies (Soiferet al 1987). The nulear SFRs in most galaxies are quite modest, e.g onaverage ∼ 0.1 − 0.2M⊙yr
−1. The IR observations also reveal a populationof more luminous regions, with LFIR ∼ 1010 − 1013L⊙, and orrespondingSFRs on the order of 1−1000M⊙yr

−1. Suh high SFRs are not seen in opti-ally seleted samples, mainly beause the luminous starbursts are uniquelyassoiated with dense moleular gas disks.The physial onditions in the irumnulear star-forming disks are distintin many respets from the more extended star-forming disks of spiral galax-ies. The irumnulear star formation is espeially distintive in terms of theabsolute range in SFRs, the muh higher spatial onentrations of gas andstars, its burst-like nature (in luminous systems), and its systemati varia-tion with galaxy type.The di�erent range of physial onditions in the nulear starbursts is learlyseen in Figure 2.3, whih plots the average SFR surfae densities and meanmoleular surfae densities for the irumnulear disks of 36 IR-seleted star-bursts (Kenniutt 1998). The omparison is idential to the SFR-density plotfor spiral disks in Figure 2.2. Figure 2.3 shows that the surfae densities of19



CHAPTER 2. STAR FORMATION

Figure 2.2: Correlation between disk-averaged SFR per unit area and averagegas surfae density, for 61 normal disk galaxies. Symbols are oded by Hubbletype: Sa-Sab (open triangles); Sb-Sb (open irles); S-Sd (solid points);Irr (ross). The dashed and dotted lines show lines of onstant global starformation e�ieny. The error bars indiate the typial unertainties for agiven galaxy, inluding systemati errors. (Kenniut et al.1998)
20



2.3. COSMIC STAR FORMATION HISTORYgas and star formation in the nulear starbursts are 1-4 orders of magnitudehigher than in spiral disks overall. Figure 2.3 also shows that the hara-teristi star formation e�ienies and time sales are quite di�erent in thestarbursts. The mean onversion e�ieny is 30% per 108 years, six timeslarger than in the spiral disks. Likewise, the gas onsumption time sale is sixtimes shorter, about 0.3 Gyr on average. Finally, the IR starburst galaxiesrepresent systems in whih a mass of gas omparable to the entire ISM ofa galaxy has been driven into a region on the order of 1 kp in size, andthis entire ISM is being formed into stars, with almost 100% e�ieny, overa time sale on the order of 108 years. Suh a atastrophi transfer of massan only take plae in a violent interation or merger, or perhaps duringthe initial ollapse phase of protogalaxies. The onnetion between starburstgalaxies, star formation and far infrared emission will be analyzed later.2.3 Cosmi Star Formation HistoryThe inrease by an order of magnitude in the global omoving spae densityof star formation rate (SFR) from z = 0 to z ≃ 1 has been well established bynumerous measurements (e.g., Wilson et al. 2002; Haarsma et al. 2000; Flo-res et al. 1999; Cowie et al. 1999; Hogg et al. 1998; Hammer et al. 1997; Lillyet al. 1996; Madau et al. 1996). A large body of data has now been olletedto measure this evolution and the shape of the star formation (SF) historyredshifts. The reent results from the Sloan Digital Sky Survey (SDSS), theGalaxy Evolution Explorer (GALEX ), the Classifying Objets byMedium-Band Observations in 17 Filters survey (COMBO17), and the Spitzer SpaeTelesope at far-infrared (FIR) wavelengths now allow this osmi star forma-tion history (SFH) to be quite tightly onstrained (to within ≃ 30%− 50%)up to redshifts of z ≃ 1. Combined with measurements of the SFH at higherredshifts from the FIR, submillimeter, Balmer line, and UV emission, theSFH is reasonably well determined (within a fator of ∼ 3 at z & 1) up to
z ≃ 6 (e.g., Hopkins 2004).An exploration of quantities predited from the SFH, namely the stellarand metal mass density evolution, and supernova (SN) rate evolution, pro-vides further insight into the allowable normalization of the SFH (Strigariet al. 2005). This series of interonneted physial properties of galaxies andSNe provides an opportunity for determining the SFH normalization.. Con-straining the normalization of the SFH will support a range of quantitativeanalyses of galaxy evolution, inluding the mass dependene of the SFH (e.g.,Papovih et al. 2006; Juneau et al. 2005; Heavens et al. 2004) and the reasonsunderlying the deline in the SFH to low redshifts (e.g., Bell et al. 2005).Additional results from the Super-Kamiokande (SK) partile detetor pro-vide a strong limit on the eletron antineutrino (νe) �ux. originating fromsupernova Type II events assoiated with the SFH. This limit on the di�use21
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Figure 2.3: Correlation between disk-averaged SFR per unit area and averagegas surfae density, for 36 IR-seleted irumnulear starbursts. See Figure2.2 for a similar omparison for normal spiral disks. The dashed and dottedlines show lines of onstant star formation onversion e�ieny, with thesame notation as in Figure 5. The error bars indiate the typial unertaintiesfor a given galaxy, inluding systemati errors.(Kenniut et al.1998)
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2.3. COSMIC STAR FORMATION HISTORYsupernova neutrino bakground (DSNB) ats to onstrain the normalizationof the SFH and is onsistent with the diret measurements of the SFR.2.3.1 The Madau PlotOne of the �rst disussions of the issues desribed above has been providedby Madau et al. 1998 (e.g Madau et al. (1998)). In their paper they develop amethod whih fouses on the emission properties of the galaxy population asa whole. It traes the osmi evolution with redshift of the galaxy luminos-ity density, as determined from several deep spetrosopi samples and theHDF imaging survey, and o�ers the prospet of an empirial determinationof the global star formation history of the universe and initial mass funtionof stars. The tehnique relies on two basi properties of stellar populations:(1) the UV-ontinuum emission in all but the oldest galaxies is dominatedby short lived massive stars and is therefore a diret measure, for a givenIMF and dust ontent, of the instantaneous star formation rate (SFR); and(2) the rest-frame near-IR light is dominated by near-solar mass stars thatmake up the bulk of a galaxy's stellar mass and an then be used as a traerof the total stellar mass density.The main limitation of this approah is that they study the emission prop-erties of �normal�, optially seleted �eld galaxies whih are only moderatelya�eted by dust. Moreover although in their alulations the IMF extendsfrom 0.1 to 125 M⊙ by modeling the rest-frame galaxy luminosity densityfrom 0.15 to 2µm we will only be sensitive to stars within the mass rangefrom ∼0.8 to about 20M⊙. This introdues non negligible unertainties intheir estimate of the total amount of stars and metals produed.They trae the evolution with osmi time of the luminosity density
ρν(z) =

∫ ∞

0
Lνφ(Lν , z)dLν (2.1)where φ(Lν , z) is the luminosity funtion in eah redshift bin. The omovingluminosity density,ρν(z), from the present epoh to z=4 is given in �gure2.4 in �ve broad passbands entered around 0.15, 0.28, 0.44, 1.0, and 2.2 µm(from UV to near IR) for a Salpeter IMF. For simpliity, the metalliity was�xed to solar values and the IMF trunated at 0.1 and 125M⊙. The model isable to aount for the entire bakground light reorded in the galaxy ountsdown to the very faint magnitude levels probed by the HDF, and produesvisible mass-to-light ratios at the present epoh whih are onsistent withthe values observed in nearby galaxies of various morphologial types. It re-sult that the bulk (&60 per ent by mass) of the stars present today formedrelatively reently (z . 1.5).One of the main unertainties in our understanding of the evolution of lumi-nous matter in the Universe is represented by the poorly onstrained amount23



CHAPTER 2. STAR FORMATIONof starlight that was absorbed by dust and reradiated in the far-IR at earlyepohs. Fig. 2.4 shows the model preditions for a monolithi ollapse se-nario, in whih half of the present-day stars were formed at z > 2.5 and wereenshrouded by dust. Consisteny with the HDF 'dropout' analysis has beenobtained assuming a dust extintion whih inreases rapidly with redshift,
E(B − V ) = 0.011(1 + z)2.2. This results in a orretion to the rate of starformation by a fator of ≃2, 5, and 15 at z=2, 3 and 4, respetively. Themodel is still onsistent with the global history of light, but overpredits themetal mass density at high redshifts as sampled by QSO absorbers.

Figure 2.4: Evolution of the luminosity density at rest-frame wavelengthsof 0.15 (dotted line), 0.28 (solid line), 0.44 (short-dashed line), 1.0 (long-dashed line), and 2.2 (dot-dashed line) µm. Data points with error barsare taken from Lilly et al. (1996) ( �lled dots at 0.28, 0.44, and 1.0 µm),Connolly et al. (1997) (empty squares at 0.28 and 0.44 µm),Madau et al.(1996) and Madau (1997a) ( �lled squares at 0.15 µm), Ellis et al. (1996)(empty triangles at 0.44 km), andGardner et al. (1997) (empty dot at 2.2
µm). Inset in the upper right-hand orner of the plot shows the SFR density(M⊙yr

−1Mpc−3) vs. redshift whih was used as input to the populationsynthesis ode. 8a) The model assumes a Salpeter IMF, SMC-type dust ina foreground sreen, and a universal E(B − V ) = 0.1.. (b) Test ase witha muh larger star formation density at high redshift than indiated by theHDF dropout analisys. The model, assigned to mimik a 'monolithi ollapsesenario', assumes a Salpeter IMF and a dust opaity whih inreases rapidlywith redshift, E(B − V ) = 0.011(1 + z)2.2.
24



2.3. COSMIC STAR FORMATION HISTORY2.3.2 The Madau plot from reent observationsA large body of data has now been olleted to measure this evolution andthe shape of the star formation (SF) history at higher redshifts (now ap-proahing z ≃ 6).Hopkins et al. (2006), in their fundamental work analyze this large, heteroge-neous data set, whih appear to be highly onsistent over the entire redshiftrange 0 < z . 6 and onstrains the SFR density to within a fator of about3 at most redshifts.They start their analysis fousing on the observed luminosity density mea-surements, with three di�erent ruial assumptions:� Dust orretions (where neessary), SFR alibrations, and standardIMF assumptions are SFH measurements;� From the SFH, assumptions about the high-mass IMF fration thatprodues SNe II lead to preditions for the SN II rate density;� Assumptions about the neutrino emission of SNe II then give a predi-tion of the DSNB for omparison with the SK limit.While unertainties in SFR alibration at to inrease the satter in the SFH,and unertainties in dust obsuration an raise it to greater or lesser degrees,Hopkins et al. 2006 argued that the hoie of IMF is the only assumptionthat an systematially derease the SFH normalization. While most authorsover the past deade have assumed the traditional Salpeter (1955) IMF,observations within reent years have strongly ruled it out as a model for auniversal IMF (e.g Baldri 2003). In their work, Hopkins et al. 2006 omparethe �t of the SFH obtained with the use of a traditional Salpeter IMF (SalAIMF with a slope of -1.35) and with the IMF of Baldry and Glazebrook (SalBIMF, with a slope of -1.15).The evolution of the SFR density with redshift is shown in �gure 2.5. Forthe �tting of the SFH the authors hoose to use the parametri form of Coleet al. 2001:
ρ∗ = (a+ bz)h/[1 + (z/c)d] (2.2)where h = 0.7. For z < 1, the SFH now appears to be very tightly onstrainedby the ombination of UV data from SDSS (Baldry et al. 2005), COMBO17(Wolf et al. 2003), and GALEX (Arnouts et al. 2005), orreted for obsu-ration using the Spitzer FIR measurements of Le Flo'h et al. (2005). For

z > 1, use all the data available in the ompilation. Figure 2.6 shows theevolution of the stellar mass density, ρ(z), along with the preditions fromthe best-�tting SFH for the two IMF assumptions. Both plots show the mea-surements lying systematially below the preditions from the SFH, althoughthe di�erene beomes more signi�ant at higher redshift (z & 1.5). Causesfor the apparent inonsisteny at high redshift have been disussed by other25



CHAPTER 2. STAR FORMATION

Figure 2.5: Evolution of SFR density with redshift. Data shown here havebeen saled, assuming the SalA IMF. The gray points are from the ompi-lation of Hopkins (2004). The hathed region is the FIR (24 1mum) SFHfrom Le Flo'h et al. (2005). The green triangles are FIR (24µ m) data fromPerez-Gonzalez et al. (2005). The open red star at z =0.05 is based on radio(1.4 GHz) data from Mauh (2005). The �lled red irle at z =0.01 is theH estimate from Hanish et al. (2006). The blue squares are UV data fromBaldry et al. (2005),Wolf et al. (2003), Arnouts et al. (2005), Bouwens et al.(2003a, 2003b, 2005a), Bunker et al. (2004), and Ouhi et al. (2004). The bluerosses are the UDF estimates from Thompson et al. (2006). Note that thesehave been saled to the SalA IMF, assuming they were originally estimatedusing a uniform Salpeter (1955) IMF. The solid lines are the best-�ttingparametri forms (see text for details of whih data are used in the �tting).Although the FIR SFH of Le Flo'h et al. (2005) is not used diretly in the�tting, it has been used to e�etively obsuration-orret the UV data to thevalues shown, whih are used in the �tting. Note that the top logarithmisale is labeled with redshift values, not (1 + z).
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2.3. COSMIC STAR FORMATION HISTORYauthors (e.g., Nagamine et al. 2004; Hopkins et al. 2005), who suggest that,in this regime, the observations might be missing up to half the stellar massdensity. At low redshift, the disrepany between the measurements of ρ∗(z)and the SFH predition is more of a onern. A �rst attempt at resolvingthis might be to suggest that the measured SFH is too high at z=0, and thetehnique used (ombining ρ∗ from FIR and UV estimates) is not aurate.This annot be the whole solution, as it does not address the problem at
z ≃ 1, where the SFH is dominated by the FIR ontribution, and the ρ∗(z)values inferred fromthe SFH are similarly higher than the measurements. Apartial solution might be found through the underlying measurement teh-niques used for the di�erent quantities. It is possible that the disrepanyseen in Figure 2.6 may be re�eting limitations in our understanding of therelative shapes of the low- and highmass ends of our assumed IMFs.

Figure 2.6: Evolution of stellar mass density buildup inferred from the SFH,assuming (a) SalA IMF and (b) BG IMF. The gray shaded and hathedregions ome from, respetively, the 1 and 3 σ on�dene regions. The openirle is the loal stellar density from Cole et al. (2001); the �lled irleand �lled squares represent the SDSS and FIRES data, respetively, fromRudnik et al. (2003), saled suh that the SDSS measurement is onsistentwith that from Cole et al. (2001); the open stars are from Brinhmann andEllis (2000), and the open squares are from Dikinson et al. (2003).2.3.3 Evolution of the SN rate with redshift: the SN rateproblemThe evolution of the SN rate with redshift ontains unique information inpartiular on the star formation history of the universe and of the IMF ofstars.Beause of their short-lived progenitors, ore-ollapse supernovae (CC SNe)trae diretly the urrent star formation rate (SFR). On the other hand, typeIa SNe trae the whole history of star formation, due to wide range of delaytimes of their progenitors. 27



CHAPTER 2. STAR FORMATIONEarly attempts to ompare the evolution and normalization of the osmiSFR and osmi SNR were inonlusive due to their large unertainties. Inreent years, measurements of the osmi SFR and osmi SNR have rapidlyimproved.Based on the latest data, it has beome lear that the measuredosmi SFR and the measured osmi SNR both inrease by approximatelyan order of magnitude between redshift 0 and 1, on�rming our expetationthat the progenitors of CC SNe are short-lived massive stars.As Horiuhi et al. (2011) illustrate in Figure 2.7, the SNR predited from theosmi SFR is a fator of ∼2 larger than the osmi SNR measured by SNsurveys. The omparison of the predited and measured osmi SNR, and therelative sizes of the unertainties, demonstrate two key points: they evolvesimilarly in redshift, and there is a systemati normalization mismath. Thelines are �ts to the SFR and SNR data, respetively. The disrepany persistsover all redshiftswhere SNR measurements are available. So, beomes ruialto understand whether the osmi SNR predited from the osmi SFR istoo large, or whether the measurements underestimate the true osmi SNR,or a ombination of both.The osmi SNR is alulated from the osmi SFR using knowledge of thee�ieny of forming CC SNe. The most reent SFR is traed by the mostmassive stars that have the shortest lifetimes. However, sine the total SFRis dominated by stars with smaller masses, the SFR derived from massivestars must be saled upward aording to the initial mass funtion (IMF).The omoving volumetri SNR is determined by multiplying ρ∗ by the ef-�ieny of forming CC SNe. This is the number of stars that eventuallyexplode as CC SNe per unit stellar mass formed in a burst of star formation.It is governed by the mass range for CC SNe, from Mmin to Mmax, resultingin an SNR of
RSN = ρ∗(z)

∫Mmax

Mmin
ψ(M)dM∫ 100

0.1 Mψ(M)dM
(2.3)where ψ(M) is the IMF de�ned over the mass range 0.1-100M⊙. Due tothe steeply falling nature of the IMF, the lower mass limit Mmin is themost important parameter. They assumed anonial parameters for optiallyluminous CC SNe, Mmin = 8M⊙ and Mmax = 40M⊙.Possible explanationsIs the osmi SFR too high? The unertainties assoiated with SFR mea-surements are generally at the tens of perent level and does not allow theosmi SFR to be dereased enough to explain the supernova rate problem.Does the loal SFR di�er from the osmi SFR? The loal (∼ 100Mp) SFR sets the birth rate of stars nearby and has important impliationsfor our study of the loal SNR. In Figure 2.8, is shown SFR measurements in28



2.3. COSMIC STAR FORMATION HISTORY

Figure 2.7: Comoving SNR (all types of luminous ore ollapses inludingType II and Type Ib) as a funtion of redshift. The SNR predited fromthe osmi SFR �t and its supporting data (Hopkins and Beaom 2006), aswell as that predited from the mean of the loal SFR measurements, areplotted and labeled. The �t to the measured osmi SNR, with a �xed slopeof (1+ z)3.4 taken from the osmi SFR, is shown with the unertainty bandfrom the LOSS measurement. The predited and measured osmi SNRs areonsistently disrepant by a fator of ∼ 2: the supernova rate problem.
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CHAPTER 2. STAR FORMATIONthe loal volume. SFR measurements in the loal volume are in agreementwithin unertainties with the better-measured osmi SFR, exept for thevolume within . 10Mp whih has a fator of 2 enhanement.Is the Fration of Stars Resulting in CC SNe Too High? The pre-

Figure 2.8: Loal SFR density as a funtion of distane. Measurements areshown at the mean distanes of their respetive galaxy samples, exept for11HUGS (Bothwell et al. 2011) and HαGS (James et al. 2008) whih aremeasurements within �xed distanes and are shown at their distane limits(horizontal arrows). The SFR within 11 Mp is enhaned with respet tothe osmi SFR (shaded band) due to osmi variane. Beyond 20 Mp, themeasurements and their mean are ompatible with the osmi SFR, and showno signi�ant osmi variane in this distane range. Shown for a Salpeter AIMF.dited SNR depends on the number of stars that beome CC SNe per unitstellar mass formed. There is observational evidene that a wide range ofmassive stars yield optially luminous CC SNe. Coneptually, the mass range30



2.3. COSMIC STAR FORMATION HISTORYis ontrolled by two parameters, the lower mass limit that is the boundarybetween the formation of a white dwarf and a neutron star, and the uppermass limit that is less well de�ned but ould be the boundary between form-ing a neutron star and a stellar mass blak hole.The lower mass limit is newly supported by diret observations of CC SNeprogenitors. Di�erent approahes seem to be onverging toMmin ≃ 8±1M⊙(e.g. Smartt et al. 2009). On the other hand, the upper mass limit is lessertain. Fortunately, as long as the upper limit is large, it does not stronglya�et the predited SNR. The upper mass limit is Mmax ≃ 40M⊙.adopt the nominal mass range for optially luminous CC SNe of 8-40M⊙,based on stellar and supernova simulations; the maximum mass range 8-100M⊙, and the onservative minimum mass range the ombination of 8.5-16.5M⊙ and 25-40M⊙. Compared to the nominal 8-40M⊙, the max- imumand minimum mass ranges a�et the predited osmi SNR by +10% and-30%, whih are insu�ient to explain the supernova rate problem.Are Measurements Missing Luminous CC SNe? Luminous CC SNethat fall within the sensitivity of SN surveys an still be missed. Based onurrent data on dwarf galaxies, the e�et may be a 20% − 50% inrease inthe SNR measurements. The importane of small galaxies remains to be in-vestigated further with more data.Are CC SNe Dust Corretions Insu�ient?Host dust extintion makesCC SNe appear dimmer and orreting for missing obsured CC SNe is of-ten the most unertain ingredient in SNR measurements. The dust orretionapplied to SNR measurements ranges from a few tens of perent at low red-shifts to a fator of ∼2 at high redshifts. As pointed out in Mannui etal. (2007), at high redshift there is additional extintion due to starburstgalaxies and highly star-forming galaxies (luminous and Ultraluminous IRGalaxies). Identi�ed by their strong FIR emission and high SFR, ULIRGshould house many more CC SNe per galaxy, but we only detet a smallfration of CC SNe beause of the higher dust obsuration.Beause the importane of ULIRG inreases with redshift, the fration ofCC SNe that are expeted to be missing inreases from ∼ 5% at z ≃ 0to 20% − 40% at z ≃ 1 (Mannui et al. 2007). Corretion for host galaxyobsuration remains unertain. Extreme orretions that would explain thesupernova rate problem are not prohibited, in partiular at high redshiftswhere the exess extintion due to starburst galaxies is onsidered.Is the Contribution from Dim CC SNe Signi�ant?Type IIP SNe arethe most ommon type of CC SNe and also the most varied in terms of lu-minosity. The luminosity of a typial Type IIP SN remains nearly onstantfor a relatively long duration of ∼100 days (the plateau phase), after whihit drops sharply.The faintest on�rmed type II SN is SN1999br (MR ≃ 13.5, Pastorello et al.2004).The limiting absolute magnitudes of SN surveys are typially M≃-15 to -16.31



CHAPTER 2. STAR FORMATIONAlthough SN surveys an disover dimmer CC SNe, the rapidly falling dete-tion e�ieny and the smaller volume from whih dim CC SNe (they de�neCC SNe that are dimmer than M = -15 mag as �dim� CC SNe) may be on-�dently disovered makes olleting dim CC SNe hallenging. To orret formissing dim CC SNe, a SN luminosity funtion that is omplete to dimmerCC SNe must be adopted. To study dim (or faint) CC SNe Horiuhi et al.(2011) make use of SN disoveries reorded in SN atalogs and disuss theloal (within ∼ 100Mpc) volume for a qualitative analisys and then fous onthe very loal volume (within ∼ 10Mpc).In Figure 2.9, a atalog of SNR (binned in distane) is ompared to the osmiSNR predited from the SFR and diretly measured. The luminous atalogSNR is generally dereasing with distane but it is �at out to ∼25Mp, sug-gesting reasonable ompleteness to that distane1. The total atalog SNRshould be ompared to the predited osmi SNR. The total atalog SNR is�at out to ∼25 Mp and shows a normalization that is only slightly lowerthan expetations from the osmi SFR. This supports their earlier laimsthat the true osmi SNR is as large as expeted. Finally, the dim atalogSNR falls with distane at all distanes, a sign of inompleteness. At thesmallest-distane bin, where dim CC SNe are least likely to be missed, thedim atalog SNR is, surprisingly, just as large as the luminous SNR measuredby LOSS. This normalization is large enough to help solve the supernova rateproblem, at least at z ≃ 0.Due to inompletness of the faint CC SNe, Horiuhi et al. (2011) hooseto quantify the importane of these type of CC SNe in the very loal (within
∼ 10Mpc) volume, whih yields su�ient statistis. The very loal volumehas an enhaned absolute SFR. Therefore, we onservatively use the frationof dim CC SNe, fdim = Ndim/(Ndim +Nluminous), the ratio of de�nitely dimCC SNe over the sum of de�nitely dim and de�nitely luminous CC SNe.Figure 2.10 show the plot of the probability density funtion of the dimCC SNe (fdim) given the observed number of total and dim CC SNe, fordi�erent distane uts. On the top panel is plotted a magnitude ut of -16mag for illustration. Due to the broad distribution of fdim, is not possi-ble to derive a preise value for fdim with the present data: the frationsare f>−15 ∼ 30% − 50%(f>−16 ∼ 60% − 80%), but lower and higher val-ues are not improbable. However, the estimates of Horiuhi et al.(2011)are learly larger than previous studies based on more systemati samplesat higher distanes whih were not as sensitive to the dim end of the CCSNe luminosity funtion (f>−15 ∼ 3% − 20%). Their estimates derease to
f>−15 ∼ 20% − 40%(f>−16 ∼ 50% − 70%) if possible SN impostors are ex-1If the SN disoveries are su�iently omplete, the atalog SNR should be �at withdistane. This is beause they are number densities, and beause the loal SFR did notreveal signi�ant osmi variane. So, any signi�ant derease of the atalog SNR at anydistane signi�es an inompleteness of the SN disoveries at that distane.32



2.3. COSMIC STAR FORMATION HISTORY

Figure 2.9: Di�erential atalog SNR density as a funtion of distane. Thetotal, luminous, and dim atalog SNR are shown by points (lowest distanebin has been shifted slightly in distane for larity). The total atalog SNR islarger than the sum of the luminous and dim atalog SNR. Vertial error barsare statistial only. The SNR predited from the osmi SFR and diretlymeasured are shown and labeled. The total atalog SNR is omparable tothe upper band out to ∼25 Mp. The luminous atalog SNR is omparableto the lower band out to ∼25 Mp. The dim atalog SNR is large out to
∼10 Mp, indiating a signi�ant fration of dim CC SNe, independent ofthe absolute SFR enhanement within ∼10 Mp.
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CHAPTER 2. STAR FORMATIONluded from their list of CC SN. This is still larger than previous studies.Summarizing the analisys of Horiuhi et al. (2011), they �nd that the list

Figure 2.10: Probability density distribution for the dim fration (fdim),given the observed number of total and dim CC SNe, for three volume uts.The dim fration is signi�antly higher than previous estimates from largerdistanes (vertial bands). Top: for CC SNe dimmer than -16 mag. Bottom:for those dimmer than -15 mag (horiuhi et al. 2011)of dim CC SNe in the loal (within ∼ 100Mpc) volume are very inomplete,while they are very numerous in the very loal (within ∼ 10Mpc) volume.The dim fration ould be as high as f>−15 ∼ 50%. This is signi�antlyhigher than previous estimates, whih range between f>−15 ∼ 3% − 20%.Thus the SNR measurements are saled up by (1 - 0.2)/(1 - 0.5) = 1.6 (afator of 1.9 if the original dim fration is 5%), largely solving the supernovarate problem. 34



2.3. COSMIC STAR FORMATION HISTORYIn Figure 2.11 is shown the supernova rate problem at z ≃ 0. The bandsre�et the nominal unertainties on eah quantity: for the predited SNR itis the 1σ unertainty in the osmi SFR �t by Hopkins & Beaom (2006),while for the measured SNR it is the ombined statistial and systematiunertainties of the �t to SNR measurements. Although the supernova rateproblem remains over the entire redshift range where SNR measurementsare available, the plot fous on the z ≃ 0 range where there is most data.Horiuhi et al. (2011) explore, �rst, whether the predited SNR is too large.they investigate the intrinsi unertainties in the SFR measurements (IMF,obsuration, and onversion fator) and the additional fators when the SFRis onverted to a SNR (IMF and CC SN mass range). The results are shownin Figure 2.11 by dashed arrows.� IMF :small e�et on the predited SNR;� Obsuration: Extintion unertainties are unlikely to redue the SNRpredition normalization by a full fator of two;� CC SNe mass range: The nominal mass range is 8-40M⊙. they adoptthe maximum mass range of 8-100M⊙.Therefore, the unertainties a�eting the predited SNR are generally smallerthan the normalization disrepany.Seond, to investigate whether the measured SNR is too small, Horiuhi etal. (2011) explore the ontribution from missing CC SNe (inomplete galaxysample and dim CC SNe). This is shown by solid arrows in Figure 2.11.� Inomplete galaxy sample: This aspet is no able to explain the SN rateproblem;� Dim CC SNe: There is an observational bias against the disovery andorretion of dim CC SNe. In the very loal (∼10 Mp) volume, wheredim CC SNe are least likely to be missed, the fration of dim CC SNeis higher than in SN surveys targeting larger distanes.Therefore, if possible SN impostors are true CC SNe, the fration of dim CCSNe an be su�iently high that dim CC SNe largely explain the supernovarate problem. If possible SN impostors are not true CC SNe, fdim is smaller,and dim CC SNe do not fully bridge the normalization disrepany. Thenature of possible SN impostors remains, however, debated. In Figure 2.11is shown how the di�erent e�ets ompare. The supernova rate problem islikely explained by a ombination of the e�ets shown.
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CHAPTER 2. STAR FORMATION

Figure 2.11: Measured and predited SNR at z ≃ 0. Shaded bands re�etunertainties: statistial and systemati ombined for the measured SNR,and the 1σ unertainty in the SFR for the predited SNR. The results ofvarying the inputs for the predited SNR are shown by dashed arrows, whilethe possible e�ets of missing CC SNe are shown for the measured SNR bysolid arrows. Staked arrows re�et di�erent assumptions (see the text). Theontribution from dim CC SNe an potentially inrease the measured SNRto bridge the normalization disrepany, although other e�ets an also beimportant
36



Chapter 3SFR-SNR relation and SNsearhes in StarBurst Galaxies3.1 The FIR-SFR relationThe relation between star formation, gas and dust is of indispensable im-portane in any attempt to understand the evolution of galaxies. Thus, areliable method to determine the SFR has been among the main goals ofresearh the last years.As seen in the previous hapter, Kenniutt et al. (1998) introdue a plethoraof diagnostis to address the problem of deriving an estimate for the SFR ofa given galaxy.One of the main problems of most methods is the attenuation from dustthat obsures the measured quantities in the UV and optial bands. Thebest estimator for SFR will be based on a ombination of traers whih to-gether apture the full energetis of the system. Reent work by Calzetti etal. (2007) and Kenniutt et al. (2009) shows that a good estimator for theSFR emerges from the linear ombination of a galaxy's near-UV or visible-wavelength emission (either UV ontinuum or line �uxes, attenuated by dust)and its emission in the infrared (e.g., 8, 24, or total IR λ 8-1000 and alsoradio).In partiular, a promising way to overome the problem of attenuation oftraditional SFR diagnostis is the use of dust emission itself as a SFR di-agnosti. This is straightforward in starburst galaxies where dust opaity ishigh and most of the dust heating originates from the young stellar popula-tion. In this ase, the FIR luminosity an be used as a diret measure of theSFR.The SFR vs LFIR onversion is derived using several synthesis models.In this thesis is used the same relation between SFR and FIR of the workof Mannui et al. (2003), derived form the paper of Dale et al. (2001). Thefar-infrared �ux, de�ned as the �ux between 42 and 122 µm, is onsidered37



CHAPTER 3. SFR-SNR RELATIONthe favorite infrared diagnosti. Helou et al. (1988) provide a useful way ofderiving the far-infrared �ux from IRAS measurements:
FIR = 1.26 × 10−14 [2.58 fν(60µm) + fν(100µm)] (3.1)where FIR is in W m−2 (= 103 erg cm−2 s−1) and fν are in Jansky. Thetotal far infrared �ux, TIR, results from:

log
TIR

FIR
= a0 + a1x+ a2x

2 + a3x
3 + a4x

4where x = log fν(60µm)
fν(100µm) and [a(z = 0)] ≃ [0.2378,−0.0282, 0.7281, 0.6208, 0.9118].Applying the models of Leitherer & Hekman (1995) for ontinuous bursts ofage 10-100 Myr Kenniutt et al. (1998) yields the following relation betweenSFR and the total LTIR:

SFR(M⊙y
−1) = 2.2x10−43LTIR(ergs s−1) = 5.8x10−9L−1

⊙ (3.2)where LTIR refers to the IR luminosity integrated over the full-, mid-, andfar- IR spetrum (8-1000µm).3.2 SNR-SFR relationThe instantaneous SFR in a galaxy is diretly traed by the number ofurrently existing massive stars sine these stars have short life times. Usuallythe total SFR in a galaxy is obtained by extrapolating the massive star SFRto lower stellar masses given an initial mass funtion (IMF) desribing therelative probability of stars of di�erent masses forming. The luminosity ofa galaxy is a diret and sensitive traer of its stellar population so it ispossible to diretly onnet a luminosity to the instantaneous SFR when theobserved emission omes from stars whih are short lived or from short livedphases of stellar evolution. The instantaneous SFR an be alulated fromthe observed luminosity in a wavelength band F whih satis�es the aboverequirement from the relation:
LF =

∫mu

ml
tF (m)lF (m)φ(m)dm∫mu

ml
mφ(m)dm

Ψ (3.3)where LF is the total galaxy luminosity, Ψ is the SFR, lF (m) is the luminosityof a single star of mass m, tF is the harateristi timesale over whih a starof mass m emits radiation in the wavelength band F and φ(m) the IMF. Thelimits of integration extend over the range of masses of the stars whih areexpeted to emit radiation in the band F. The IMF generally is parametrizedas a power law:
dN = φ(m)dm ∝ mγdm (3.4)38



3.2. SNR-SFR RELATIONwhere dN is the number of single stars in the mass range m, m + dm. Weadopted a Salpeter IMF de�ned in the mass range 0.1-100M⊙ with γ =-2.35(Salpeter, 1955).The onstant of proportionality between SFR and luminosity an be derivedby assuming an IMF and a stellar evolution model whih provides lifetimesof stars as a funtion of their masses (see previous hapter, and Kenniutt(1998)).The emission from longer lived stars that enodes part or all of thepast galaxy SFH dominates in many wavelength bands and only the UV stel-lar ontinuum, the emission of optial nebular reombination and forbiddenlines and far infrared (FIR) emission an be used as probes of the youngmassive star population. Observations made at these wavelengths sampledi�erent aspets of the SF ativity and are sensitive to di�erent times salesover whih SFR is averaged, i. e. the time interval over whih radiation isemitted by a massive star in the wavelength band of interest (Bottiellaet al., 2012; Kenniutt, 1998). Most of the optial-UV energy emitted bythe massive stars in the nulear starburst regions is absorbed and reradiatedby dust in the FIR. Therefore one an expet that the nulear SN rate willorrelate with the FIR luminosity.Rates are generally normalized to the luminosity of the parent galaxy, eitherthe B luminosity or LFIR . The former normalization is applied when usingthe SN unit (SNu), i.e., the number of SNe per entury per 1010L of B lu-minosity. This luminosity has an ambiguous physial meaning: in starburstgalaxies it is roughly proportional to the SFR, in quiesent galaxies it isrelated to the total mass in stars, and in dusty starbursts it is very sensitiveto the dust ontent and distribution.For galaxies with a signi�ant SFR it is more useful, for many appliationsand espeially when the ore-ollapse SNe are onsidered, to normalize theobserved number of SNe to the FIR luminosity, known to be proportionalto the SFR (Kenniutt, 1998). This is the reason for whih the SN ratesare express in terms of the galaxy FIR luminosity. Blan & Greggio (2008)show an alternative and omplementary approah to trae the SFR, basedon the diret observation of the numbers of CC SNe ourring in a sampleof galaxies or in a given volume. The general SN rate (RSN ) as a funtion oftime an be modeled as the onvolution of the SFH (Ψ) with the distributionfuntion (fSN) of the delay times (τ):
RSN (t) =

∫ min(t,τmax)

τmin

kT (t− τ) · Ψ(t− τ)fSN (τ)ASN (t− τ)dτ (3.5)where t is the time elapsed sine the beginning of star formation in thesystem under analysis; k is the number of stars per unit mass of the stellargeneration with age τ ; τmin and τmax braket the range of possible delaytimes; ASN is the number fration of stars from the stellar generation born39



CHAPTER 3. SFR-SNR RELATIONat epoh (t− τ) that end up as SN. The fator k is given by:
k(τ) =

∫mu

ml
φ(m, τ)dm∫mu

ml
mφ(m, τ)dm

(3.6)where φ(m, τ) is the IMF and ml −mu is the mass range of the IMF. Thisfator an hange if the IMF evolves with time.The fator ASN an be expressed by:
ASN (τ) = PSN (τ)

∫ mSN
u

mSN
l

φ(m, τ)dm∫mu

ml
φ(m, τ)dm

(3.7)where PSN is the probability that a star with suitable mass (i.e., in the range
mSN
u − mSN

l ) to beome a SN atually does it. This probability dependson SN progenitor models and on stellar evolution assumptions. The fator
ASN an vary with galaxy evolution, for example due to the e�ets of highermetalliities and/or the possible evolution of IMF. For ore-ollapse events,the progenitor life-time is very short, (τ < 0.05 Gyr), then k and ACC donot vary with time and the SFR has remained onstant over this timesaleobtaining a diret relation between CC SN rate and SFR, so that Eq. 3.5an be approximated as:

RCC(t) = KCC · Ψ(t) (3.8)where the saling fator between CC SN rate and SFR is given by the numberfration of stars per unit mass that produe CC SNe (Bottiella et al., 2012):
KCC(τ) =

∫mCC
u

mCC
l

φ(m)dm

∫mCC
u

mCC
l

mφ(m)dm
. (3.9)This implies that the produtivity of CC SNe, depends not only on the IMFslope, but also on the mass range of progenitors. More important is thedependene on the lower ut o� mass, the produtivity dereasing by a faorof ≃ 0.7 (Greggio & Renzini, 2011) if mCC

l goes from 8 to 10 M⊙ for asalpeter diet IMF.3.2.1 The role of type Ia SNBeause o the long delay time, with τmin of a few tens of Myr, and τmaxof the order or one Hubble time, or more, the expeted number of SN Iastrongly depends on the SFR history of the stellar population (and on theadopted SN progenitor senarios). (Blan & Greggio, 2008) introdue a littlesimpli�ation to Eq. 3.5 by assuming that the number of SNIa from 1 M⊙stellar generation does not depend on time and write:
RIa(t) = kT AIa ·

∫ τmax

τmin

Ψ(t− τ)fIa(τ)dτ. (3.10)40



3.3. SUPERNOVA RATE MEASUREMENTSwhih shows that the SN Ia rate evolution depends both on the SFH andon the distribution of delay times. Both AIa and AIa an be evaluated fromstellar evolution, inluding a hoie for the IMF. However, these theoretialvalues depend on assumption on the mass range of the progenitors. In addi-tion, AIa depends on the distribution of binary separations and mass ratios,the outome of the mass exhange phases, and of the �nal aretion on topof the WD.The total number of SNe from star formed in one stellar generation is
kIa = 2.5 × 10−3 M−1

⊙ (Greggio & Renzini, 2011), that is, 2.5 SN Ia ev-ery 1000 M⊙ of stars. This means that from one stellar generation CC SNeoutnumber SN Ia by a fator ∼ 4.3.3 Supernova Rate measurementsThe rates of supernovae (SNe) at di�erent redshifts provide important in-formation about the evolution of a number of physial proesses over osmitimes. Sine ore-ollapse SNe (i.e., Type II and Ib supernovae) originatefrom massive short-lived stars, the rate of these events should re�et ongo-ing star formation and therefore o�ers an independent way to determine theosmi star formation rate (SFR). Furthermore, the SN rate diretly probesthe metal prodution at di�erent osmologial epohs.Poor statistis is a major limiting fator for using the CC SN rate as a traerof the SFR. At low redshift the di�ulty is in sampling large enough volumesof the loal Universe to ensure signi�ant statistis (e.g. Kenniutt (1984)).While at high redshift the di�ulty lies in deteting and typing ompletesamples of intrinsially faint SNe (Bottiella et al., 2008; Li et al., 2001).Moreover some fration of CC SNe are missed by optial searhes, sine theyare embedded in dusty spiral arms or galaxy nulei. This fration may hangewith redshift, if the amount of dust in galaxies evolves with time. Progress inusing CC SN rates as SFR traers requires aurate measurements of rates atvarious osmi epohs and in di�erent environments. The CC SN rate is alsoa powerful tool to investigate the nature of SN progenitor stars and to teststellar evolutionary models. Finally, it is possible to onstrain the mass rangeof stars that produe CC SNe by omparing the CC SN rate expeted for agiven SFR and the observed one in the same galaxy sample or in the samevolume. First high-redshift measurements of the CCSN rate have been pub-lished by two teams almost simultaneously, the STRESS survey (Cappellaroet al., 2005) and the GOODS survey (Dahlen et al., 2004). The result fromSTRESS survey by Bottiella et al. (2008) supersedes the one of Cappellaroet al. (2005). One of the main soure of unertainty, as just said, may omefrom the extintion within the host, sine CCSN are known to our shortlyafter their birth in highly dusty star formation regions of galaxies. Measure-ments by Cappellaro et al. (1999) are not orreted for extintion. Dahlen41



CHAPTER 3. SFR-SNR RELATIONet al. (2004) attempted to make suh a orretion by simulating the hostdust distribution aording to the disk inlination, following the presriptionby Hatano et al. (1998). Their orreted rates (as used in this paper) are afator of ∼ 2 higher than the unorreted.Type Ia SNe do not diretly follow the SFR sine there is a delay betweenthe formation of the progenitor star and the explosion of the SN. Constrain-ing this delay time is important for a better understanding of the proessesleading to the Type Ia explosions and therefore essential for the usefulnessof Type Ia SNe as osmologial distane indiators. With aurate measure-ments of the SN Ia rate, it should be possible to set onstraints on this poorlyknown delay time.Together with the �rst high-redshift supernova searhes, the 1990's haveseen the �rst type Ia rate measurement beyond the loal universe (Painet al., 1996) at z∼ 0.4, using for the �rst time a homogeneous sample ofCCD disovered SNe. Loal and nearby SN Ia rates then have been mea-sured in the �eld by numerous surveys, e.g., at redshifts 〈z〉 ∼ 0.01 (Cap-pellaro et al. 1999), 〈z〉 = 0.1 (Hardin et al. 2000), 〈z〉 = 0.11 (Strolger2003), and 〈z〉 = 0.114 (Reiss 2000). Similarly, at larger distanes, rateshave been measured at 〈z〉 = 0.38 (Pain et al. 1996), 〈z〉 = 0.46 (Tonry etal. 2003), 〈z〉 = 0.55 (Pain et al. 2002), 〈z〉 = 0.21(Bottiella et al., 2008),.〈z〉 ∼ 1.0 (Kuznetsova et al., 2008), z from 0.0 to 2.0 (Poznanski et al.,2007), 〈z〉 = 0.47 (Neill et al., 2006). CC SNe are typially ∼2 mag fainterand searhes are a�eted by severe seletion biases; thus is easier to deter-mine CC rate in the loal Universe.With this thesis we want to ontribute to the study of the SN rate in di�er-ent redshift ranges in two di�erent ways. We proposed a SN searh at highredshift with LBC�LBT to obtain new insight on the SFH and on the pro-genitor system of type Ia SN. The seond and the main part of this work isfoused to estimate the SN rate in nearby galaxies with high star formationand dust extintion. For this reason we perform an IR SN searh in starburstgalaxies.3.4 The SN rate at high redshift and the SN searhwith LBCSNe are the main produer of heavy elements and, as suh, dominate thehemial evolution of the Universe. The kineti energy released by their ex-plosion an produe strong galati winds, with impliations on the dynamisof interstellar and intergalati matter. In partiular, SNe might be of fun-damental importane for the feedbak proesses that shape galaxies.The rate of SNe, as a funtion of redshift, provide a diret observational linkto these proesses. Spei�ally, the rates of CC SNe, beause of their short-42



3.4. THE SN RATE AT HIGH REDSHIFT AND THE SN SEARCHWITH LBClived progenitors, probes the initial mass funtion (IMF) of stars, traes thestar formation history of the Universe and an be used to test the di�erentsenarios for galaxy formation. On the other hand, the rate of type Ia SNe,whih are believed to result from the thermonulear disruption of a whitedwarf in a bynary system, an be used to trae the long term star formationhistory and to shed light on the still unknown nature of their progenitors.Several groups have devoted large e�orts to measuring the SN rate (Cappel-laro et al., 1999; Dahlen et al., 2004, 2008; Neill et al., 2006; Barris & Tonry,2006; Bottiella et al., 2008; Poznanski et al., 2007). These works have pro-vided the evidene for strong inrease of the SN rate with redshift up to z=1for type Ia, and up to z=0.5 for CC. In ontrast, at z>1 the observationalresults are still sparse. The only existing surveys probing the SN rate at z >1 are those of HST/GOODS (Dahlen et al., 2004; Kuznetsova et al., 2008)and the SDF SN survey (Poznanski et al., 2007). The GOODS SN searhhas obtained 20 SNe at z>1. The SDF SN survey has used the prime-fousamera of the 8-m Subaru telesope to searh for SNe in a ssingle 0.25 sq.deg.�eld. They deteted ∼30 SNe above z=1 down to a similar limiting magni-tudes, but their �eld laks the unique anillary information of the COSMOS�eld (morphology, aurate photometri redshifts, AGN identi�ation by X-Rays...).During of the �rst part of the PhD projet we proposed to use LBC to searh

Figure 3.1: Number of expeted SNe in the proposed searh in the R-(left)and Z-band (right). The red lines show the espeted number of SNe Ia in eahredshift bin (z=0.1) deteted in a 5-epoh searh. The blue lines orrespondto the CC SNe.for high redshift SNe in the entral part of COSMOS �eld. The COSMOS�eld is partiularly well suited for a SN searh beause of the presene ofa broad range of anillary data (from HST, Galex, XMM, Subaru, CFHT,VLA) to derive the properties of the parent galaxy population, inluding43



CHAPTER 3. SFR-SNR RELATIONredshift, SFR, stellar age and stellar mass. We plan to measure the SN rateat high redshift, using R (sloan) and Z observations of one single pointing(about 500 sq.armin) in the COSMOS �eld. For eah epoh, 3 hours ofobserving time are requested. LBC-red observe in the Z �lter, reahing ABlimiting magnitude of Z=25.4. As type Ia SNe have the peak of their bright-ness at about 4000 Å(rest-frame), obtaining deep image in the Z band isritial to detet SNe at z>1. In parallel, LBC-blue observe in the R-band,reahing a 5-sigma limiting magnitude of R 27.2 (AB). We asked, in total,for 6 epohs of observations in the R and Z �lters. The spetrosopi las-si�ation of SNe at z>1 is not possible beause of their faintness. For thisreason the R-Z olor and the SN light urve in both bands would be used tolassify the SN. The images should allow to detet 120-180 SNe, inluding60-100 of whih SNe Ia at z > 1 (Fig. 3.1). Obviously, the expeted numberof SNe will be redued in proportion of the number of lost epoh. The Z�lter should provide the detetion of the most of the type Ia SNe at z>1,while R should most sensitive to the CC SNe. About 2/3 of the SNe ould bedeteted in both �lters, providing a diret measurements of the olor. Theupper or lower limits on the R-Z olors for the other SNe should provide astrong onstraint on the SN nature, one the redshifts of the host galaxiesare available. The ombined images will be added to other existing data andused to obtain an �ultra-deep� �eld to improve the study of galaxy popula-tion, in partiular of the LBGs.With this work we an have an independent hak of the laim of a delineof the Ia SNe rates at z > 0.8 (Dahlen et al., 2004, 2008). If on�rmed,this may have important onsequenes for the use of Ia SNe as osmologialprobes. Suh a rapide deline would imply the existene of very long delaysbetween the formation of progenitor system and its explosion as type Ia SN,a senario in strong disagreement with the SN rates measured in the loaluniverse (Mannui et al., 2005) and with most models of SN explosion,prediting a onstant rate at z > 1 (Matteui & Rehi, 2001; Greggio,2005). During the observations, bad weather and problems with telesopehave limited the amount of olleted data. We obtained only 2 epohs of the6 planned: during 2008 only one epoh was obtained and its depth is ham-pered by the seeing, while the epoh obtained in 2009 reahes the requireddepth. All these images have been fully redued and analyzed as follows:� staking images with SWarp, a program that resamples and oÂaddstogheter FITS images� take di�erene of images with PSF math using ISIS and DANDIA� identify and haraterize the possible andidates, onsidering parame-ters suh as elliptiity, magnitude, elongation of the residuals.A sample of 14 andidates have been found (�g. 4.12), a number onsisentwith expetations (18). This on�rm that, despite the limited amount of time44



3.4. THE SN RATE AT HIGH REDSHIFT AND THE SN SEARCHWITH LBCrequested (3 hours per epoh) the large LBT �eld of view allows for a largenumber of expeted events. Unfortunately, although this is a very interestingand promising work, the hanes of suess were limited by bad weather andsheduling problems.

Figure 3.2: Top: Example of SN deteted in the �rst two epoh of observa-tions. The magnitude and olors of this event show that this is a type Ia SNat z ∼ 0.6. Bottom: Example of two possible SNe, with di�erent parametersuseful for their haraterization (e.g, elliptiity or magnitude).
45



CHAPTER 3. SFR-SNR RELATION3.5 Starburst galaxiesOne of the main problem for measuring SN rate is related to the presene ofdust. The e�ets of extintion an be expeted to be espeially severe in a-tively star forming galaxies. Rihmond et al. (1998) was one of the �rst workthat arried-out an optial CCD searh for SNe. They analysed a sample of142 nearby ative star-forming galaxies. This yielded �ve SNe, all of whihwere outside the host galaxies' extinguished nulear regions. The deduedSN rates were similar to those measured in normal galaxies. Therefore, itis of great importane to arry out a systemati survey for CC SNe in thenulear regions of starburst galaxies at NIR wavelenghts whih are muh lessa�eted by the extintion.Starburst galaxies have long been known to be opious emitters of infraredluminosity. From early observations of nearby starburst systems suh as M82and NGC 253, it has been lear that the bulk of the energy of these systemsemerges in the thermal infrared. Analysis of the IRAS Bright Galaxy Sampleshowed that 30% of the energy output in the loal universe emerges in themid- and far-infrared (5-200µm), and the bulk of this luminosity is due tostar formation in these galaxies.Infrared-luminous starbursts in the loal universe a�ord us the best oppor-tunity to study the proesses by whih suh systems form and evolve.These luminous infrare galaxies (LIRGs) beome the dominant extragaltipopulation at IR luminosities above 1011L⊙. At the most luminous end of theIRAS galaxy population lie the ultraluminous infrared galaxies (ULIRGs),those with LIR > 1012L⊙. However the nature of the power soure behind theIR emission of ULIRGs has remained ontroversial. Most ULIRGs (∼ 80%)are powered mainly by starbursts but a great number of loal ULIRGs showevidene for both starburst and AGN ativity. Tran et al. (2001) showed that,at IR luminosities below 1012.4L⊙, most ULIRGs were starburst dominated,while at IR luminosities above that value the AGN ontribution was muhhigher. Starburst dominated systems were found up to luminosities around
1012.65L⊙.Beause dust responds through its thermal emission instantaneously to theradiation �eld in whih it is embedded, thermal radiation by dust is the idealway to trae the urrent loation of the dominant luminosity soures, i.e.,the most luminous stars, in starbursts. In very dusty systems, suh as thoseknown from IRAS observations to be luminous starbursts, high spatial res-olution imaging in the thermal infrared an address the loation and extentof the urrent star formation in these galaxies unimpeded by foreground ex-tintion. This is, as illustrated in the next hapters, one of the main goals ofthis thesis.How the thermal dust emission is related to the other traers of star forma-tion is important for using these traers in more distant galaxies.46



3.6. SN SEARCHES IN STARBURST GALAXIES3.6 SN searhes in starburst galaxies: from optialto infraredIn star forming regions (as in SB galaxies) the dust reproesses the UV-optial radiation emitted from young, massive stars into far infrared (FIR)radiation, whih then beomes a very good traer of the SFR. But if therate of star formation in a galaxy inrease greatly and the proess does notdisriminate against massive stars, then the rate at wih CC SNe our mustalso rise. Sine CC SNe omprise a signi�ant fration of all SNe, the overallSN rate of suh a galaxy must likewise inrease far above its normal value.To shed light on the study of the SN rate in starburst galaxies, severalsearhes, in partiular in the last years, were onduted both in the optialand infrared wavelenght.3.6.1 Optial searhesA number of e�orts to measure the frequeny of supernovae (SNe) have beenmade that inlude systemati reording of observation times and sensitivitiesand a relatively well de�ned sample of galaxies. It's important to rememberthe Asiago searh with the disovery of 31 SNe (mostly by L. Rosino), theCrimea searh (Tsvetkov 1983) or the searh onduted by Evans et al (1989).In reent years there have been many attempts to measure the SN rate bothin the loal Universe (Cappellaro et al. 1999, Mannui et al. 2005) and itsevolution with redshift (Bottiella et al. 2008 and referene therein), but un-fortunately we are still faing major unertainty and inonsisteny.These works have all used optial observations, usually in B. Suh observa-tions annot detet SNe behind signi�ant amounts of dust, suh as thoseourring in dusty star formation regions, beause the dust auses up totens of magnitudes of extintion in the optial bands. It is di�ult to orretoptial rate measurements for this e�et, sine some estimates suggest thatSNe in these regions ould dominate the total rate. For this reason, SN ratemeasurements from optial observations an only be lower limits to the truerate. Although SN searhes in normal galaxies require many years or largesamples to onstrut a statistially signi�ant set of events, one might expetto disover a reasonable number of SNe in only 2-3 years of observation of amodest sample of starburst galaxies.The main optial searh for supernovae in starbursts was arried out in asample of 142 nearby star-forming galaxies in 1988-1991 by Rihmond, Filip-penko & Galisky (1998). The observations were arried out with a 500×500pixel harge-oupled devie (CCD) amera (0.58 asse pixel−1) on a 1-mtelesope at the Lik Observatory. Two searh proedures were used. In the�rst method, the searh images were ompared by eye. This yielded �ve su-pernovae, all of whih were outside the estinguished nulear regions of thehost galaxies. The dedued SN rates were similar to those measured in nor-47



CHAPTER 3. SFR-SNR RELATIONmal galaxies. In the seond method, di�erential photometry was arried outon the nulei of the galaxies. However, they did not disover any brighteningattributable to nulear supernovae. From this, they dedued upper limits forthe unobsured SN rates within the nulear regions. This work on�rmedthat, given the likely high obsuration in nulear starbursts, for a searh forsupernovae in suh regions to be suessful it would have to be arried outat infrared wavelenghts.Attempts to orret for the bias indued by dust extintion inlude the modelby Riello & Patat (2005), based on simpli�ed assumptions for the distributionof the SNe and of the dust in galaxies, as well as on an adopted extintionlaw. However, this model is not able to aount for the highly obsured starforming regions of SB galaxies. The problem is that when the FIR luminosityof these galaxies is used to estimate their urrent SFR, the expeted SN rateis at least one order of magnitude higher than what measured from optialsearhes (Mannui et al. 2006).Then the onlusion is that optial measurements of the SN rate ould bemissing a signi�ant fration of SNe, partiularly in the nulei of starburstgalaxies The missing SNe, while heavily obsured in the optial, are expetedto show up at longer wavelength.3.6.2 Infrared searhesThe presene of dust extintion an seriously redue the measured SN rate inmost of the galaxies, espeially in starburst systems where dust obsurationis usually larger than in normal galaxies. This explains the puzzling resultby Rihmond et al. (1998) who found starburst and quiesent galaxies tohave the same SN rate. The e�ets of dust extintion an be vastly reduedby observing in the NIR: at 2 µm the extintion is about a fator of tenlower than in the optial V band, allowing for a muh deeper penetrationinto the dusty star-forming regions. This strategy was originally proposedby van Buren & Norman (1989). They onsidered the use of mid-infrarednarrow-nband (10.52µm) imaging. They estimated theat supernovae wouldbe observable in the mid-Ir with ground-based 4-10 m telesopes at a distaneof 15-40Mp in one night's integration. Grossan et al. (1999) have studied,indeed, the supernova detetion in K band. They emphasized the need forhigh spatial resolution to allow suessfull image subtration in the nulearregions of galaxies.The �rst monitoring ampaign was onduted by Van Buren et al. (1994)a deade ago and produed the detetion of one event, SN 1994bu. Theyuse the Infrared Telesope Faility (Hawaii) for about two years. A more re-ent (1992-1994) NIR searh for SNe in 177 nearby IRAS galaxies has beenarried out in the K band by Grossan et al. (1999). The observations wereperformed with the 2.3 m Wyoming IT Observatory telesope. They did notdisover any supernovae during the period. They onlude that this negative48



3.6. SN SEARCHES IN STARBURST GALAXIESresult was likely due to the poor resolution spatial resolution (about 3�).Bregman et al. (2000) used ISO/ISOCAM to look for mid-infrared spetralsignatures of reent SNe in the nulei of 10 nearby galaxies. However theyfailed to detet any emission from SNe, suh as the [NiII℄ emission line at6.63 µm whih is very bright in SN 1987A (e.g., Arnett et al. 1989). This isprobably due to the fat that the number of events expeted from the far-IR�ux is lower than 0.5. Lorionov et al. (2002) reported the detetion, whilemonitoring another event, of SN 2002v, a bright type Ia SN showing a highextintion (Meikle & Mattila 2002). A possible SN was also disovered byMattila et al. (2002) in an arhive UKIRT K-band image.But the �rst report by Maiolino et al. (2002) on a sample of SNe detetedin the near-infrared (NIR) has opened a new window for the searh of theseevents. This searh is based on observations obtained at the ESO-NTT inLa Silla, at the ESO-VLT in Paranal and at the Italian Telesopio NazionaleGalileo (TNG). SN 2001db, extinguished by AV ∼ 5.5 mag, is the �rst su-pernova disovered in the infrared that has reeived the spetrosopi on�r-mation. This result highlights the power of infrared monitoring in detetingobsured SNe and indiates that optial surveys probably miss a signi�antfration of SNe, espeially in obsured systems suh as starburst galaxies.More reently,Mattila et al. (2005a,b) disovered two SNe during their mon-itoring in Ks band with the William Hershel Telesope. Di Paola et al.(2002) reported the near-IR serendipitous disovery of SN2002v, a highlyextinted (AV ∼8) type Ia SN. In late 1999 Mannui et al. (2003) starteda K-band monitoring ampaign of a sample of 46 Luminous Infrared Galax-ies (LIRGs, LFIR > 1011L⊙), aimed at deteting obsured SNe in the mostpowerful starbursting galaxies. During the monitoring 4 SNe were deteted,two of whih were disovered by our group: SN1999gw (Cresi et al. 2002)and SN2001db, the �rst SN deteted in the near-IR whih has reeived aspetrosopi on�rmation (Maiolino et al. 2002), as said above.Reently few groups have attempted to address this issue using the mostadvaned imaging systems. Cresi et al. (2007) use the near-infrared ameraNICMOS of the HST, with an exellent angular resolution (0.2�) and stablePSF. Their analysis found only a possible SN in Arp220 without spetro-sopi on�rmation. Then also in this work there is no evidene of enhanedSN rate, despite the great resolution of the HST amera. Other reent worksdesribe the use of telesopes with adaptive optis and Laser Guide Stars.Mattila et al. (2007) report the disovery of one on�rmed supernova withthe NAOS CONICA adaptive optis system on the ESO Very Large Tele-sope. This SN (2004ip) is loated near the nuleus of the host galaxies(1.4�) and su�er form a host galaxy extintion of up to about 40 mag inthe V band. This is the �rst supernova to be disovered making use of AOorretion.Kankare et al. (2008) report the disovery of one on�rmed su-pernova (SN2008s) and a supernova andidate in near-infrared images fromthe ALTAIR/NIRI adaptive optis system on the Gemini-North Telesope.49



CHAPTER 3. SFR-SNR RELATIONHowever, these are very expensive programs in term of telesope time whih,while ertainly valuable, they annot be performed systematially.In onlusion, from all this work reveal �rstly that NIR searhes for SN instarburst galaxies are, as expeted, more e�ient than similar searhes atoptial wavelengths sine at least some of the SNe ours in dusty environ-ments. Another onlusion is that with IR searh an be detet more SNethan expeted from the B luminosity, both onsidering or negleting the on-tribution from type Ia SNe. This high value for the observed SN rate re�etsthe higher extintion a�eting the B light of the galaxies, and the higher SNdetetion e�ieny of the NIR observations with respet to the optial. Athird ruial onlusion is that all this works yields the disovery of a fewvery obsured SNe. The number of deteted events remaines short of a fator3-10 with respet to expetations (Mannui et al. 2003, Mattila et al. 2004).

50



Chapter 4HAWK-I SN SEARCHHAWK-I is a near-infrared (0.85-2.5 µm ) wide-�eld imager installed at theNasmyth A fous of UT4 of the ESO Very Large Telesopeat Cerro Paranal.It has been o�ered for the �rst time in ESO Period 81. The instrument isryogeni (120 K, detetors at 80 K) and has a full re�etive design. Thelight passes four mirrors and two �lter wheels before hitting a mosai offour Hawaii 2RG 2048 * 2048 pixels detetors. The �nal F-ratio is F/4.36( 1 arse on the sky orresponds to 169 µm on the detetor). The Fieldof View of HAWK-I on the sky is 7.5 armin * 7.5 armin, overed by themosai of the four Hawaii-2RG hips. The four detetors are separated bya ross-shaped gap of 15 arse (�gure 4.1). The four quadrants are verywell aligned with respet to eah other. Yet, small misalignments exist. Theyare skethed below in �gure 4.2. Quadrants 2,3,4 are tilted with respet toquadrant 1 by 0.13, 0.04, 0.03 degrees, respetively. Aordingly, the size ofthe gaps hanges along the quadrant edges. The default orientation (PA=0deg) is North along the +Y axis, East along the -X axis, for quadrant number1. The pixel sale is 0.1064 arse/pix with negligible distortions (< 0.3
%) aross the �eld of view. The image quality is seeing limited down toat least 0.4 arse seeing (i.e., 0.3 arse measured in K). In �gure 4.3 isshown the quantum e�ieny for the 4 detetors HAWK-I is equipped with10 �lters: 4 broad band �lters, and 6 narrow band �lters. The broad-band�lters are the lassial NIR �lters: Y,J,H,Ks. The partiularity of HAWK-Iis that the broad band �lter set has been ordered together with the onesof VISTA. There are thus idential whih allows easy ross-alibrations andomparisons. The narrow band �lters inlude 3 osmologial �lters (for Lyαat z of 7.7 (1.06µm) and 8.7 (1.19µm), and Hα at z = 2.2, i.e. 2.09µm) aswell as 3 stellar �lters (CH4, H2, Brγ). HAWK-I hosts large (105mm2, i.e.expensive) �lters, and was designed to have an easy aess to the �lter wheel(see tab. 4.4 and �gure 4.5). Limiting magnitudes are of ourse very muhdependent on the observing onditions. The exposure time alulator (ETC)is reasonably well alibrated. In order to have a rough idea of the performaneto be expeted, are list in table 4.6 the limiting magnitudes (S/N=5 for a51



CHAPTER 4. HAWK-I SN SEARCH

Figure 4.1: HAWK-I �eld of view.
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Figure 4.2: Alignment of the four hips.
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CHAPTER 4. HAWK-I SN SEARCH

Figure 4.3: Quantum e�ieny of the HAWK-I detetors.

Figure 4.4: HAWK-I �lter summary.
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Figure 4.5: HAWK-I Filters. Blak: broad-band �lters Y, J, H, Ks, Green:osmologial �lters NB1060, NB1190, NB2090; Red: CH4, H2; Blue: Brγ.
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CHAPTER 4. HAWK-I SN SEARCHpoint soure in 3600s integration on soure) under average onditions (0.8�seeing, 1.2 airmass).Due to persistene e�et of the detetor, in servie mode, no observationwill be aepted for �elds ontaining objets brighter than Ks=8.1 , H=9.1& J=8.8 ; i.e. ∼5 times the saturation level. This is really a generous lowerlimit, brighter objets will produe persistene, now more easily beause ofthe larger minimum DIT (1.6762 ses). So far HAWK-I has been suessfully
Figure 4.6: The limiting magnitudes (S/N=5 for a point soure in 3600sintegration on soure) under average onditions (0.8� seeing, 1.2 airmass).used to study the properties of medium redshift galaxy lusters (see e.g.Lidman et al. 2008, A&A 489,981), outer solar system bodies (Snodgrass etal. 2010, A&A 511, 72), the very high redshift universe (Castellano et al.2010, A&A 511, 20), and exo-planets ( Gillone et al. 2009, A&A 506, 359).4.1 Survey strategyThe HAWK-I SN searh is performed in K band, where the extintion isstrongly redued ompared to optial band (AB = 10 mag orresponds to
AK = 0.8 mag only), in a sample of 30 nearby starburst galaxies.Given that the SN infrared light urves evolve relatively slowly (they remainswithin 1 mag from maximum for 1-2 months) there is no need for frequentvisits: an average temporal separation of about 1 month between visits iswell suited for the searh purpose. Also, sine is important the statistial in-formation there are no onstraints in the total number of visits per indivifualgalaxy as soon as the visits for eah target are separeted by > 15 days. So,assuming at least 3 visits per galaxy, per semester are planned 100 visits perobserving period.Most SNe have K absolute magnitudes in the range -16 and -18, whih trans-lates to apparent magnitudes 17-19 given the typial distanes of the galaxiesof our sample, or 1 mag fainter if we aount for the possible presene of upto AB = 10 mag absorption. This is in the reah oh HAWK-I even in aseof poor seeing and with modest investment of observing time.56



4.2. GALAXY SAMPLE AND OBSERVATIONSUsing the ETC (version 3.2.9) and assuming poor seeing onditions (2 ar-se) was estimated that with an exposure time of 13 min we an reah S/N=8for a K=20 magnitude �eld star. Aounting for 10 min overheads (6 mintelesope preset and 5 instrument overheads), we need 25 min per visit thatimply a total request of 42h per period.Our searh is well suited as a �ller for the gaps in the sheduling of servieobserving for non-optimal sky onditions, poor seeing or non-photometrionditions.Spetrosopi on�rmation of SN andidates has been obtained with ISAAC�VLT(P83) and X-Shooter�VLT (P85/87) in ToO/GTO mode.ISAAC is an IR (1 - 5 µm) imager and spetrograph that lies at the Nas-myth A fous of UT3. It has two arms, one equipped with a 1024 x 1024Hawaii Rokwell array, and the other with a 1024 x 1024 InSb Aladdin ar-ray from Santa Barbara Researh Center. The Hawaii arm is used at shortwavelengths (1 - 2.5 µm). Prior to ESO Period70, the Aladdin arm was usedexlusively at long wavelengths (3- 5 µm). From Period70 onwards this armis also o�ered for JHK imaging. We seleted HAWK-I for the imaging in-stead of ISAAC, beause of the larger �eld of view, in order to have a betterontrol on the PSF of the images.X-shooter is instead a single target spetrograph for the Cassegrain fous ofone of the VLT UTs overing in a single exposure the spetral range from theUV to the K band. The spetral format is �xed. The instrument is designedto maximize the sensitivity in the spetral range through the splitting inthree arms with optimized optis, oatings, dispersive elements and dete-tors. It operates at intermediate resolutions (R=4000-14000, depending onwavelength and slit width) su�ient to address quantitatively a vast num-ber of astrophysial appliations while working in a bakground-limited S/Nregime in the regions of the spetrum free from strong atmospheri emis-sion and absorption lines. X-shooter was built by a Consortium involvinginstitutes from Denmark, Italy, The Netherlands, Frane and ESO.4.2 Galaxy sample and ObservationsFrom the IRAS Revised Bright Galaxy Sample (Kim & Sanders, 1998; Sanderset al., 1995; Soifer et al., 1987) we seleted a sample of 30 SB galaxies with
z < 0.07, FIR luminosity log(LFIR) < 10.8 and visible at ESO from Aprilto Otober (see Table 4.1). The histogram in the top of the Fig. 4.7 rep-resent the distribution in redshift of the galaxy sample. The mean value is
z ∼ 0.029, whih orresponds to about 120 Mp, while the most distantgalaxy is IRAS14378-3651 at ∼ 280 Mp (z ∼ 0.07). The lower histogramrepresent, instead, the total infrared luminosity distribution of the sample,derived form equation 3.1. The galaxies of the sample are largely (90%)Lu-minous Infrared Galaxy (LIRGs, with log(LFIR ≥ 1011L⊙), while the 3%57



CHAPTER 4. HAWK-I SN SEARCH
galaxy R.A. (J2000) DEC. z Log(LFIR/L⊙) LB Hubble type SFR SN rate(M⊙ yr

−1) (SN yr−1)CGCG011-076 11 21 13.3 -02 59 08 0.025 11.27 10.35 2.9 32.14 0.38CGCG043-099 13 01 49.9 04 20 01 0.037 11.58 10.50 3.4 65.43 0.77ESO148-IG002 23 15 46.6 -59 03 14 0.045 11.94 10.82 7.9 148.79 1.75ESO239-IG002 22 49 39.6 -48 51 01 0.043 11.75 10.88 -0.1 95.70 1.13ESO244-G012 01 18 08.6 -44 27 40 0.023 11.32 10.20 5.3 35.71 0.42ESO264-G036 10 43 07.0 -46 12 43 0.023 11.24 10.70 1.5 29.14 0.34ESO286-IG019 20 58 27.4 -42 38 57 0.043 11.95 11.13 10.0 151.59 1.78ESO440-IG058 12 06 53.0 -31 57 08 0.023 11.33 10.17 99.0 36.33 0.43ESO507-G070 13 02 51.3 -23 55 10 0.021 11.44 10.67 6.8 46.58 0.55IC1623A/B 01 07 46.3 -17 30 32 0.020 11.63 10.42 6.0 72.68 0.86IC2545 10 06 04.2 -33 53 04 0.034 11.66 10.58 -0.1 77.74 0.92IC2810 11 25 47.3 14 40 23 0.034 11.60 10.61 1.5 67.98 0.80IC4687/6 18 13 38.6 -57 43 36 0.017 11.45 10.43 2.9 47.29 0.56IRAS12224-0624 12 25 02.8 -06 40 44 0.026 11.30 9.83 2.9 34.02 0.40IRAS14378-3651 14 40 57.8 -37 04 25 0.068 12.13 10.40 5.1 233.02 2.74IRAS16399-0937 16 42 39.2 -09 43 11 0.027 11.55 10.39 10.0 60.25 0.71IRAS17207-0014 17 23 21.4 -00 17 00 0.043 12.42 10.32 -50. 447.48 5.27IRAS18090+0130 18 11 37.3 01 31 40 0.029 11.63 10.54 2.0 71.76 0.84MCG-02-01-051/200 18 51.4 -10 22 33 0.027 11.41 10.59 3.1 44.43 0.52MCG-03-04-014 01 10 08.5 -16 51 14 0.035 11.59 10.53 -5.0 66.14 0.78NGC0034 00 11 06.6 -12 06 27 0.020 11.43 10.34 -1.0 45.65 0.54NGC0232 00 42 46.5 -23 33 31 0.020 11.51 10.71 1.1 55.70 0.66NGC3110 10 04 02.7 -06 28 35 0.017 11.29 10.94 3.3 33.02 0.39NGC5010 13 12 25.4 -15 47 45 0.021 10.84 9.79 -1.0 11.79 0.14NGC5331 13 52 16.6 02 06 08 0.033 11.60 10.92 3.0 67.14 0.79NGC6240 16 52 58.6 02 24 03 0.024 11.81 10.89 -0.3 108.42 1.28NGC6926 20 33 04.8 -02 01 39 0.020 11.25 11.38 5.6 30.39 0.36NGC7130 21 48 19.6 -34 57 05 0.016 11.34 10.75 1.2 37.15 0.44NGC7592 23 18 22.2 -04 24 56 0.024 11.36 10.51 -1.0 38.42 0.45NGC7674 23 27 56.9 08 46 46 0.029 11.37 10.92 1.1 39.99 0.47Table 4.1: The galaxy sample, with the name of the galaxies,the redshift z,the Log(LFIR/L⊙) (de�ned in the text), and the oordinates (RA and DEC)for eah galaxy.
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4.2. GALAXY SAMPLE AND OBSERVATIONS

Figure 4.7: Redshift (left) and LTIR (right) distribution of the galaxy sample.(the most distant galaxies) belongs to ULIRGs (with log(LFIR ≥ 1012L⊙).Most of the galaxies of the sample are single galaxies (about 60-70%), andthe remaining are double/interating galaxies or ontain double nuleus, signof a reent merger. In �gure 4.8 are shown the images of some galaxies ofthe sample analyzed in this work (the full set of images of all galaxies is inthe Appendix A).These di�erent kind of galaxies (and galaxies interations) re�ets the di�er-ent proesses that indue the star formation. Some �loal� mehanisms are,for example, the Supernova explosions with the shok waves into moleularloud, the AGN ativities or massive stars' winds. All these mehanisms anbe enanhed in the presene of galaxies interation. For example, a mergerpromote an inrease in SFR and a more rapid depletion of gas, �harassment�an disturb, or even radially hange, the morphologies of the galaxies in-volved, often induing new bursts of star formation. Several galaxies of thesample observed in the HAWK-I searh are asymmetrial, disturbed, or on-tain warps, bars and tidal tails. All these struture are important site of starformation within a galaxy and an all be produed through galaxy harass-ment. Another �external� mehanism depending on the environment are, forexample, strangulation, when galaxies fall into a luster for the �rst time.In this ase the gravitational potential of the luster reate tidal e�ets thatenable the gas ontained within the galaxies to esape and in this ase theamount of gas aailable to produe stars inside the galaxy gradually falls,and eventually, SF within the galaxy will ease. Instead, as galaxies movewithin ICM, they experiene this gas as a wind. the mehanism known as�Ram pressure stripping� ours if this wind is strong enough to overomethe gravitational potential of the galaxy to remove the gas ontained withinit. Finally, some galaxies are barred or spirals, and the bar strutures or thespiral arms an be an important site of star formation.The program has been alloated in three periods, 83, 85 and 87( betweenApril 2008 and Otober 2011) with ompletness respetively of 100% (P83)59
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(a) IRAS16399-0937 (b) NGC5331 () NGC6926Figure 4.8: HAWK-I images of 3 galaxies as an example of interating/doublenuleus galaxy (IRAS16399-0937), pair of galaxies (NGC5331) and singlespiral galaxy (NGC6926).and 70% (P85 and 87) (Table 4.2). The �gure 4.9 represent the seeing dis-Period VisitsNmax Nmin Total Visits per galaxy83 5 2 100 3.385 6 0 70 2.387 4 0 70 2.3Table 4.2: The number of visits for eah observing periodtribution of all the observations. Despite the lak of restrition due to thefat that our program is a �ller, ∼ 87 % of visits have seeing < 1.0′′, withan average value of about 0.6′′.4.3 Data redution and SN sampleData redution of HAWK-I images is a very omplex proess due to the fatthat the �eld is a mosai. A ruial point is, in fat, the build of the imagefrom the four hips.After downloading images from the HAWK-I arhive, data analysis is per-formed integrating Gasgano and EsoRex (the ESO Reipe Exeution Tool)with ustom programs, onsisting of:� Pre-redution and redution� Build mosai images and set astrometry� Image di�erene with PSF math (ISIS, Alard & Lupton (1998); Alard(2000)). 60



4.3. DATA REDUCTION AND SN SAMPLE
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Figure 4.9: Seeing distribution of our sample.Images of the �rst run were redued usingGasgano, a data management tool,o�ering automati data lassi�ation and making the data assoiation easier.Gasgano determines the lassi�ation of a �le by applying an instrumentspei� rule and allows the user to exeute diretly the pipeline reipes on aset of seleted �les.EsoRex was used to redue images of the seond and third period. EsoRex isa ommand line utility for running pipeline reipes. It has the advantagemaybe embedded by users into data redution sripts for the automation ofproessing tasks. On the other side, EsoRex doesn't o�er all the failitiesavailable with Gasgano, and the user must lassify and assoiate the datausing the information ontained in the FITS header keywords.Images were redued on short notie to allow for the possible ativation ofspetrosopi follow up.4.3.1 Pre-redutionHowever, the data redution is strongly onneted with the observation strat-egy whih in turn depends on the nature of the observed objet and thesiene goals of the observations. The most used observation tehnique isthe jittering. Small shifts are applied between suessive frames. This way,with a set of a su�ient number of frames, it is possible to make a preiseestimation of the sky for all the pixels of the detetor, the sky estimationbeing the most important and di�ult part usually in IR.61



CHAPTER 4. HAWK-I SN SEARCHThe �rst step is the redution of the alibration �les, namely darks and�ats.The darks are redued with hawki_al_dark reipe. The reipe produes onemaster dark by omputing the average with rejetion of the highest value ofthe input images. The �nal master dark is divided by the exposure time toget a master dark in ADU/s units. The hot pixels map is reated from themaster dark with a simple 10-sigma threshold.The �at �eld is reated with hawki_al_flat reipe, using twilight �ats. The�ats are derived by imaging the zenith with the traking turned o�. Morethan 30 exposures with onstant DIT and NDIT are taken for eah �lterand a robust linear �t between the �ux in eah pixel and the median �ux ofall pixels is used to produe the �at �eld. In addition to frames lassi�ed asFLAT, there is in input the master dark. The frames are �rst lassi�ed bythe reipe by di�erent �lters and di�erent DITs, eah group is then reduedseparately. A 4-extension master �at is produed for eah subset of frameswith the same �lter. In addition is produed a bad pixel map.The reipe hawki_step_basi_alib apply the basi alibrations to si-ene images: dark subtration, �at �elding (the master �at is divided to allimages) and bad pixel mask (the reipe replae bad pixels by an averageof their valid neughbors). Most of these features are additive, so they areremoved at the sky subtration stage.Bakground removal is ruial in HAWK-I. The �rs step to do is to omputethe bakground level. For HAWK-I images, the bakground is omputed witha running median using the nearby frames. There are two possibilities:(a) If the number of objet images is lower than parameter nmin_omb(the minimum number of objet frames to ompute a running median)a simple median of the objet images is omputed and assoiated toall the input objet images;(b) The following steps are performed:1. If an objet mask has been provided in the frameset, the maskis �rst inverse-orreted from distortion (if distortion frames areprovided).2. If an objet mask is provided to the reipe, the mask is shifted foreah individual image taking into aount the o�sets. The o�setsare retrieved from a frameset if provided or from the objet headerotherwise.3. For a given target image and a given pixel, a running bu�er isomputed with the neighboring images, the number of whih isgiven by parameter (half_window).62



4.3. DATA REDUCTION AND SN SAMPLE4. One we have a given set of bakground values after mask reje-tion, the parameters rejlow, rejhigh are used to rejet extremevalues (basially a minmax algorithm). After that the median istaken from the remaining values. In the ase that no values areleft, the pixel is added to the bad pixel mask of the bakground.The bakground omputed in this way is then subtrated from all the inputobjet images. This an be made with the reipe hawki_step_subtrat_bkgor using a pyraf program reated spei�ally for the subtration. The stepstaken by the esorex reipe are:� If there is only one bakground image provided, this image is subtratedto all the input objet images.� If there are several bakground images provided, its number mustmath those of input objet images. A one to one math is done toorret eah objet image by its orresponding bakground image.The pyraf program give, instead, the possibility to ompute the bakgroundin a di�erent way. If there are 8 HAWK-I images of a given target, the pro-gram an ompute the bakground for the �rs 4 images, than for the seond4 images. In this way, there are 2 bakrgound images (one for eah groupof 4 images). These two bakground images are the ombined in order tohave the �nal bakground to be subtrated from siene frames. The pro-gram o�ers the possibility to hoie a di�erent images assoiation (not only1-4,5-8 showed in this example) to ompute the bakround. After severalexperiments, subtration was better using the pyraf program.Before to ombine the images, it's neessary to apply the distorsion or-retion to the input frames. The reipe hawki_step_apply_dist inludesthe follow steps:� The distortion table ontains for several points in the image whihare the distortions to apply. With this information a distortion mapfor eah image pixel is reated, using a linear interpolation with fournearest points in the table.� For eah input image the distortion orretion is performed warpingthe original image (see 9.1.2). Note that the �nal image will showorrelations between data values of di�erent pixels.� The WCS solution of the original images is retained, although now isonly an approximate solution, sine it does not take into aount theorretion of the distortion.After re�ning o�sets, the images are ready to be ombined. This is done withthe reipe hawki_step_ombine. This reipe ombines jittered images into63



CHAPTER 4. HAWK-I SN SEARCHone single image taking into aount the o�sets. The algorithm to ombinethe images omprises the following ations:� The o�sets are read from the re�ned o�sets frame if provided or theheader telesope nominal o�sets otherwise. Note that in the �rst asethere ould be di�erent o�sets for eah detetor and the �nal ombinedimage may have di�erent dimensions in eah detetor.� Registering the images is done by resampling them with sub-pixel shiftsto align them all to a ommon referene (usually the �rst frame).� Staking the resulting images is done by averaging them with a reje-tion of the outliers.� There are two pair of keywords that inform about the o�sets of thisombined image. The raw images have nominal o�sets in a given tele-sope referene system.The pair of keywords QC COMBINED CUMOFFSET[X,Y℄ report the posi-tion of the lower left orner of the ombined image in that system.Additionally, the lower left orner of the �rst raw image would beplaed at position QC COMBINEDPOS[X,Y℄ in the ombined image.� The WCS of the ombined image is derived from the �rst image WCSapplying the relative o�set.The �nal step is the reation of a single image out of the four HAWK-Ihips. With the reipe hawki_step stith the 4 ombined images are usedto reonstrut the whole �eld. If the jitter shift are big enough, the gaps arereonstruted. The images are not rotated or resampled, only the nominalgaps between the detetors are used. That means that the stithed image ismeant only for visualization purposes and it is not reommended for sienti�exploitation (speially when astrometry is important).4.4 Sn detetion methodDetetion and photometry of variable soure an be done by subtratingimages taken at di�erent epohs from eah other and analysing the sub-trated frames, a tehinque known as di�erene imaging. The most om-pliated problem in the di�erene imaging proess is the image mismathdue to the spatial and temporal variability of the point spread funtions ofthe images. The di�erene imaging tehinique used in this work is based onthe Optimal Image Subtration (OIS) ode �rst presented in Alard & Lup-ton(1998), later improved upon in Alard (2000) and available in the ISIS 2.2pakage.Di�erene imaging, and OIS in partiular, has been used to detet SNe in64



4.4. SN DETECTION METHOD

Figure 4.10: HAWK-I image of the galaxy NGC6926 after the redutionproedure. The upper panel show the entire HAWK-I �eld of view, the lowerpanel show a zoom on the galaxy.
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CHAPTER 4. HAWK-I SN SEARCHmany projets. Image subtration using the OIS algorithm followed by de-tetion of SN andidates in the subtrated frames is a tehnique that hasbeen used by the ESSENCE survey (the observations and data analysis aredesribed in Miknaitis et al. 2007), the Supernova Legay Survey (Astier etal. 2006) and Poznanski et al. (2007). Cappellaro et al. (2005) and Bottiellaet al. (2008) used the same tehnique in their SN surveys aiming to deter-mine the ore ollapse SN rate at intermediate redshift. Di�erene imaginghas also suessfully been used in near-infrared SN searhes (e.g. Mattila& Meikle 2001; Maiolino et al. 2002) onentrating on individual starburstgalaxies.For studies of individual SNe di�erene imaging has been used to obtainaurate photometry of supernovae with a ompliated bakground. Thisis partiularly important at late times when the SN has beome too faintompared to the bakground host galaxy in the unsubtrated image for PSFphotometry to give reliable results.The programs onsits of:� trimming of the images around the galaxies;� aurate image alignment;� onvolving the PSF of the referene image with an appropriate kernel;� subtrating the images;� detetion soures in the subtrated frames.4.4.1 Registering imagesThe subtration method is quite sensitive of how well the images are regis-tered. Sine the �eld of the HAWK-I images is large, the subtration proessmay take a long time. In �rst approximation, is possible to trim the imagesaround the galaxies. After the tirmming, the input image (the so-alled �newepoh�) is aligned to all the previous epoh. The image with the best PSF isidenti�ed and used as referene for the fture subtration. The alignment isdone by using IRAF tasks geomap/gregister. A number of bright souresvisible in both the frames are used as input oordinate lists for these tasks.4.4.2 Image SubtrationThe images just aligned are ready to be subtrated. The input of the programonsists of the new-epoh image and the referene image. The referene imageis subtrated from the new epoh image and objets with varying brightnessare deteted in the subtrated image. The searh is repeated also for othersprevious epoh with the worst seeing, only as a test.Image subtration is a method by whih one image is mathed against an-other by using a onvolution kernel, so that they an be di�erened to detet66



4.4. SN DETECTION METHODand measure variable objets. The method developed with ISIS (Alard 2000)orret the e�ets of the variable PSF onvolving the referene image withan appropriate spatial-varying kernel determined by a least square �t.The atmospheri onditions will a�et the width and shape of the PSFs ofthe images. The ombination of the atmospheri e�ets with the optis, fo-using and amera setup results in variations of the PSF of the images bothin spatial oordinates and over time (i.e. di�erent epohs an have di�erentPSFs, and also di�erent spatial variation). A suessful image subtrationtehnique must be able to math the PSF of the referene image to the PSFof the later epoh images also allowing the onvolution kernel to vary spa-tially. The OIS tehnique presented in Alard (2000) allows this. The prinipaldi�ulty with image subtration is to �nd a onvolution kernel (K) that antransform the PSF of a referene image (R) to the PSF of an arbitrary image(I). The best-�t kernel an be found by minimising the sum over all pixels:
∑
i

([R ⊗K](xi, yi) − I(xi, yi) + bg(xi, yi))
2, (4.1)where bg(xi, yi) is a spatially varying bakground term. The kernel an bewritten as a sum of basis funtions:

K(u, v) =
∑
n

an(x, y)Kn(u.v), (4.2)where an ontain the spatial variations of the kernel, whih are polynomialfuntions of a given degree. Kn are the basis funtions for the kernel and uand v denote the PSF kernel oordinates. The basis funtions are Gaussianfuntions of the type
Kn(u, v) = exp−(u2+v2)/2σ2

k uivj (4.3)with the generalised index n = (i, j, k). The basis funtions an have di�erentwidths (the k index) and di�erent orders (the i and j indies). To deal witha spatially varying bakground a polynomial bakground term is presentin Eq. 4.1 and is also inluded in the solution whih is found by solving theresulting linear system. The referene image is onvolved with the kernel andsubtrated from the searh image. The parameters used for image subtrationare listed in Table 4.3. Parameters about images are simply the PSFs of thenew and referene epohs and their zero point.There are a number of important parameters for image subtration. Themost straightforward parameters are the kernel size (half_mesh_size) andthe size of the stamp (half_stamp_size). The stamp size is the of the areataken by the program around eah objet. One an selet the number ofthese stamps by using the keywords nstamps_x and nstamps_y. There is alsothe possibility to sub-divide the frames and proess them piees by piees.One an ontrol this sub-dividing through the keywords nstamps_x (number67



CHAPTER 4. HAWK-I SN SEARCH
IMAGESfw_new 7.0 seing for new image (FWHM in pixels)fw_ref 6.8 seing for ref image (FWHM in pixels)zero_new 27.7 photometri zero point for new imagezero_ref 27.67 photometri zero point for ref imageINSTRUMENTgain 5. CCD gainsaturation 60000. saturation limitISISnstamps_x 9 Number of stamps along X axisnstamps_y 9 Number of stamps along Y axissub_x 1 Number of sub_division of the image along X axissub_y 1 Number of sub_division of the image along Y axisdeg_bg 1 degree to �t di�erential bakground variationspix_min 1 Minimum vaue of the pixels to �tmin_stamp_enter 20 Minimum value for objet to enter kernel �tdeg_spatial 1 Degree �t of the spatial variations of the Kernelhalf_mesh_size 15 Half kernel size 2*FWHMhalf_stamp_size 25 Half stamp size 3*FWHMsigma_gauss1 0.7 Sigma of 1st Gaussian sigma_gauss2 /3sigma_gauss2 2. Sigma of 2nd Gaussian sigma_gauss3 /2sigma_gauss3 4.0 Sigma of 3rd Gaussian FWHM/2.35.magsel_min 10 Min mag for stamps seletion (used by mydi�)magsel_max 20 Max mag for stamps seletion (used by mydi�)Table 4.3: Example of subtration parameters used in this work. Column1 :Parameter's name; Column 2 :Parameter's value; Column 3 : Parameter'sdesription.
68



4.5. DETECTION EFFICIENCYof sub-divisions along the X axis) and nstamps_y. The last fundamentalparameter is the degree of spatial variations (deg_spatial) one will hoosein order to �t the variations of the kernel oe�ients as a funtion of theposition in the image (see Alard 1999 for more details). If it's neessary tohange the kernel size and stamp size is also useful to hange the gaussiansigma of the (3 Gaussians)*(2d polynomial) kernel expansion. The relevantparameters are the 3 sigma_gauss.The hoie of the kernel is very important. A very small kernel size (smallerthan the FWHM of the image) will likely ause the subtration to fail. InISIS a number of soures present in both referene and searh image areused as the data that goes into the kernel solving proedure. A number ofhigh S/N-soures are seleted from the image and a small subimage (thestamp) is obtained for eah of them. The seleted soures do not have tobe point soures, but they have to be non-saturated and well below thenon-linear response regime of the detetor. Sine in the HAWK-I imagesthe bright soures are not numerous, among the bright objets is possibleto inlude the innermost region of the galati nuleus to �nd the kernel inorder to obtain a satisfatory result for the nulear regions. Unfortunately,this makes the detetion of supernovae falling on those innemrost pixelsimpossible (in partiular, within the size of the nulear region involved inthe kernel solution). In the ase of galaxies with double nuleus, ther is thepossibility to inlude in the omputation of the kernel one nuleus at a time;so it's possible to obtain a very good subtration in eah nulei, allowing theidenti�ation of potential supernovae also lose to the nuleus.The residuals were usually onentrated at the position of the galati nulei,where the emission has a strong radial gradient. Non irular strutures suhas the di�ration spikes on the spider arms are not reprodued by the ISISkernel. The presene of these residuals makes the detetion of nulear SNemuh more di�ult, as seen in �gure 4.11 (see also setion 4.5). In �gure 4.12is instead shown an example of very good subtration between images ofdi�erent epohs. The ase in �gure is the disovery image of the supernova2010hp (CBET2446).4.5 Detetion E�ienyTo measure the SN rate it is ruial to obtain an aurate estimate of thedetetion e�ieny of the searh. The magnitude limit of the SN detetionin di�erene image has been estimated through arti�ial star experiments.It depends on the quality of the subtrated images (mainly seeing) togetherwith the detailed tehnique (e.g. onvolution) used to extrat the signal (SNeandidates) from the bakground (osmi rays, bad subtrations, et). Inaddition, there is a slight dependene on the host galaxy magnitude. After69



CHAPTER 4. HAWK-I SN SEARCH

Figure 4.11: Example of bad subtration due to the presene of numerousresiduals in partiular in the nulear region (ase of galaxy NGC7674).obtaining the K-band maps for eah galaxy, a �syntheti image� was re-ated for every epoh by adding simulated supernovae to the searh imagesusing point-spread-funtions drawn from eah searh image. The refereneimages were subtrated from the syntheti searh images using exatly thesame pipeline and referene image used for the supernova searh. This teh-nique allows us to measure detetion e�ienies as a funtion of supernovaemagnitude individually for every �eld.K-band mapsThe �rst step of the detetion e�ieny's pipeline is to obtain the K-bandmaps of the galaxies removing all stars in the image (the epoh with thebest seeing). With SExtrator is built a atalogue of all the objets in theimage. Then, removal ours by replaing objets (their ounts) with themean value of the bakground omputed in an annulus around eah of them.Sine the atalogue inludes all the objets, then also the galaxies, there isthe possibility to exlude interatively the galati nulei in order to preventthem from being removed. It also important to exlude any stars presentnear the galaxies, in order to prevent the removal of galati ounts (4.13).Arti�ial Star ExperimentObtained the K-band map, this image was then divided in di�erent inten-sity bins,∼ 10, a number variable depending on the galaxy analyzed (for very70



4.5. DETECTION EFFICIENCY

(a) (b)

()Figure 4.12: (a) HAWK-I image of the galaxy MCG-02-01-051 (Aug., 7 2010)with seeing of ∼ 0.5. (b) HAWK-I image of the galaxy MCG-02-01-051 (Aug,25 2009) with seeing of ∼ 0.9. () Di�erene image in whih is learly visiblea supernova, present in the image of August 2010. In this ase the lakof residuals and the very good subtration have made the detetion of theevents very easy.
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CHAPTER 4. HAWK-I SN SEARCH

(a) (b)Figure 4.13: (a)K-band map of the galaxy NGC6926 in wih are visible the�holes� of the ojet removed inside the galati �ux. (b) The same of the�gure (a), but without removng objets near the galati nuleus.small galaxies this number was smaller, for galaxy with an extended emissionor for double galaxies ould be larger). In �gure 4.14 is shown an example ofthe intensity bins, with the relative ontours, for the galaxy NGC6926. Thehoie to onsider a few bin on the outskirts of the galaxy is due to the fatthat the magnitude limit in these region does not hange signi�antly, whilebins are more rowded in the nulear regions where is a higher stepness.At this point, for eah bin, was plaed an arti�ial stars of di�erent magni-

Figure 4.14: K-band map of NGC7130. Eah green line refers to di�erentintensity bins.tude (from 12 to 20 mag, with lower values in the innermost regions wherethe detetion is more di�ult). 3 di�erent experiments have been performedfor eah intensity bin. The searh of the arti�ial stars is done on the di�er-72



4.5. DETECTION EFFICIENCYene images obtained with the same pipeline and referene image used forthe SN searh. In �gure 4.15 is represented the output of the authomatiproedure. From this �gure we an see that the magnitude limit is lowerin the nulear regions. This is true in partiular in ase of bad seeing or inpresene of residual subtration (more numerous in galaxies with very bigand luminous nuleus). Another way to view this, is shown in �gure 4.16

(a)

(b)Figure 4.15: Arti�ial stars experiment in the outskirts (a) and in the nulearregions (b). We an note that in the nulear regions the detetion is moredi�ult (magnitude limit of about 16.0), probably due to bad seeing of thereferene image (1.93�) ombined with the luminous nuleus of the galaxy.where is plotted the magnitude limit versus ounts. Obviously, the nulearregion is in the diretion of higher ounts. So we an see that the magnitudelimit is lower in partiular in the nulear region when the seeing is bad (in73



CHAPTER 4. HAWK-I SN SEARCHgeneral, & 1.2′′). For the outskirts there are no signi�ant di�erenes.

Figure 4.16: Plot of the magnitude limit vs. ounts. The magnitude limit forepohs with worst seeing is lower in partiular in the nulear regions. Errorbars represent the satter due to 3 di�erent experiments for eah bin.4.6 SN sampleThe searh had a slow start. During period 83 we have found 3 andidatesbut none of them turned out to be a SN. In one ase we ativated the ToOfollow up, but the transient was shown not to be a SN, but a variable AGN.At the end however we olleted 6 SN andidates (2 CC SNe, 1 type I SNand 1 type Ia SN). In two ases we have obtained the disovery images (SN2010hp and SN 2011ee), and lassi�ation spetra with X-shooter. Finallyin two ases it was impossible to obtain a spetrosopi lassi�ation ofthe SN andidate due to its faintness. The objets are listed in Tab. 4.4where we report oordinates and o�sets from the galaxy nuleus. From thelatter and assuming a distane for the parent galaxy as derived from thereession veloity (Tab.4.1) and the adopted Hubble onstant we omputedthe projeted linear distane of the SN from the galaxy nuleus (ol. 6). Thelast olumn list the available referenes. We remark the fat that two SNewere �rst disovered by others. This is not surprising given the relativelywide temporal sampling of our searh. We stress that a) we had no in�ueneon the sheduling of the observations for the given galaxies (whih followsthe rules of the automati ESO servie mode sheduler) and b) in both asesthe objets were independently re-disovered by our SN searh pipeline.74



4.6. SN SAMPLETable 4.4: List of deteted SNeSN galaxy R.A. De. o�set m-M r[Kp℄ Refs2010 IC4687/6 18:13:40.213 -57:43:28.00 2.6E 2.8N 34.21 6.52010bt NGC7130 12:21:41.46 40:51:19.2 9E 14S 34.08 5.3 IAUC 2250,22522010gp NGC6240 16:52:57.39 2:23:16.4 22W 47S 35.07 25.9 IAUC 2388,23902010hpMCG-02-01-52 0:18:50.01 -10:21:40.6 2.6W 2.7N 35.24 2.1 IAUC 2246,22492011ee NGC7674 23:27:57.341+08:46:38.10 9.3E 6.3S 35.39 8.9 CBET 27732011 IC1623A 01:07:46.229 -17:30:29.48 4E 7S 34.54 3.2All the andidates have been deteted at least in two of our searh im-ages. The transient K-band magnitudes were measured by means of aperturephotometry on the di�erene images and alibrated with respet to 2MASSatalog stars in the �eld (see the next paragraphs). Upper limits measuredon pre-disovery images are also reported. In all ases, but for the andidatein IC4687, we obtained follow-up photometry with other telesopes in opti-al or infrared . These latter images were redued using standard proedurein IRAF. Given that suitable templates image were not available for most�lters, the SN magnitude was measured by mean of PSF �tting tehnique.Optial band magnitudes were then alibrated with referene to observationsof Landolt standard stars.Spetrosopi observations were obtained for four of the andidates (epoh,spetral and instruments are reported in Tab.4.5). Also in this ase the datawere redued using standard proedure in IRAF. The extrated spetra, afterwavelength and �ux alibration, were ompared with a library of templatearhive spetra using the automati spetral omparison tool GELATO. Thebest �t spetral template and its SN type and phase are reported in Tab.4.5but for SN in IC 4687 for whih the spetrum was to noisy for a meaning-ful omparison. For ompleteness the table inludes the result of the spe-trosopi observations of SN 2010gp from Folatelli et al (2010). We thenTable 4.5: Log of spetrosopi observationsSN range (nm) res. (nm) Instrument2010bt 2010 Apr 18 350-1000 1.4 EFOSC/NTT IIn max2010hp 2010 Sep 17 EFOSC/NTT ?? II ??2011ee 2011 Jul 17 340-1000 0.2 XSHOOTER/VLT 1997ei I +25d2010 IC4687 2010 June 5 XSHOOTER/VLT2010gp 2010 Jul 23 Folatelli etal 2010 2002bo Ia just before maxanalyzed the available photometry performing a simultaneous omparisonof the absolute luminosity and olor with that well observed SN templateswith the aim to derive an estimate of the epoh and magnitude at maxi-mum and a onstraint on the extintion in the host galaxy. For the two SNe75



CHAPTER 4. HAWK-I SN SEARCHTable 4.6: Charateristi of the deteted SNeSN galaxy type template JDmax(R) mag(R) mag( K) ABg ABh2010 IC4687/6 II: 2005s 55270 (20) 17.9 (0.2) 0.432010bt NGC7130 IIn 1999em 55240 (10) 16. (1.0) 16.1 (0.2) 0.44 ?2010gp NGC6240 Ia 2006X 55405 (3) 16. (0.1) 16.9 (0.1) 0.33 0.5 (0.2)2010hpMCG-02-01-52 II 2007od 55399 (5) 17.6 (0.2) 17.2 (0.1) 0.16 ∼0.02011ee NGC7674 I 2007gr 55645 (5) 18.5 (0.2) 17.8 (0.3) 0.25 0.5 (0.2)2011 IC1623A IIb: 1999em 55660 (10) 19.0 (0.2) 17.7 (0.2) 0.07 0.0 (0.2)without useful spetrosopy we use the photometry to assign the SN lassi�-ation. Results are reported in Tab 4.6. We stress that given that only sparsephotometry is available the problem is degenerate and we an �nd di�erentaeptable solutions.We found that the infrared and optial photometry of the transient in IC1623 are best �tted by the type IIP SN 1999em with negligible extintion.More unertain is the ase of SN in IC4687 were only two K band mea-surements are available. These measures, and available upper limits, trans-lated in absolute magnitudes whih are best mathed with the light urve ofSN 2005s (refs...) and therefore the SN is assumed of type II.All together we found one type Ia and �ve ore ollapse SNe.4.6.1 SN 2010gp in NGC 6240SN 2010gp was disovered on 2010 July 14.10 UT by Maza et al. (Mazaet al., 2010) in the spiral galaxy NGC 6240 with the 0.41-m 'PROMPT 1'telesope loated at Cerro Tololo. Green et al. on�rmed that SN 2010gpis a type-Ia supernova with high expansion veloity around maximum light(Green, 2010). The SN is loated at R.A. = 16h52m57s.39 ± 0′′.1,Decl. =
+2◦23′16′′.4± 0′′.1 (equinox 2000), whih is about 22� west and 47� south ofthe enter of the galaxy NGC 6240.SN 2010gp was also disovered indipendently by our searh, on 21 of July,and was observed in other 2 epohs (in August and September). In �gure 4.17are shown the 3 HAWK-I images in wihih the SN was deteted. Nothing isvisible on HAWK-I image taken on May 2010 (also shown in �gure 4.17). Inthe table 4.7 are reported the photometri observations of the SN 2010gp,obtained with the HAWK-I�VLT and with the NTT telesope, with theorresponding estimated magnitudes.In �gure 4.18 are shown the near infrared and optial light urves of theSN 2010gp ompared to the light urves of the type Ia SN 2006X. Relative toother SN 2006X has a broader light urve in the U band, a more prominentbump/shoulder feature in the V and R bands, a more pronouned seondarymaximum in the I and NIR bands, and a remarkably smaller late-time delinerate in the B band. Is lear that our �rst observation of the SN 2010gp isjust few days before the maximum. In �gure 4.19 we an see that SN2010gp76



4.6. SN SAMPLE
SN Telesope Date Fiter mag

2010gp HAWK-I Jul,21 2010 K 17.4(0.1)HAWK-I Aug,8 2010 K 16.85(0.1)HAWK-I Sept,16 2010 K 17.9(0.1)SOFI Sept,15 2010 JHK 17.75(K)(0.03)EFOSC2 Sept,15 2010 B 19.72(0.05)V 18.42(0.03)R 18.11(0.03)I 18.14(0.03)Table 4.7: Optial and NIR photometry of the SN 2010gp obtained at theHAWK-I and NTT telesopes. In the last olumn there are the apparentmagnitude.

Figure 4.17: K-band HAWK-I images of the galaxy NGC 6240 with the SN2010gp. The top left image (A) is the pre-explosion image taken on May 26when the SN is not present, while the other 3 images (B,C,D) are taken inJuly, August and September.
77



CHAPTER 4. HAWK-I SN SEARCHsu�ers of a slight reddening: in fat, from the olor urve, the value for theolor B-V is about 1-1.2 mag.
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Figure 4.18: Top: Near Infrared light urve of the SN 2010gp from theHAWK-I data, superimposed on the urve of the SN 2006X, a type Ia SN.Bottom: The same in the optial (R-band). The point before the maximumome from Maza et al. 2010 (Maza et al., 2010). Is lear from the omparisonthat the SN 2010gp is a type Ia SN observed just a few days before the �rstmaximum.
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Figure 4.19: B-V olor vs phase from the B maximum. Is lear that the SN2010gp, from the omaprison with the SN 2006X,is slight reddened.The host galaxy NGC 6240SN 2010gp was not the only SN found in NGC 6240. In fat, Sato et al (2000,(Sato & Li, 2000)) report the disovery of a type IIn SN in NGC 6240, dis-overed 2000/04/1.5 on behalf of the Lik Observatory Supernova Searh.Due to its proximity, NGC 6240 (�g. 4.20) (z ∼ 0.024,D ≃ 98Mpc) is one ofthe brightest objets in the IRAS All-Sky Survey and was one of the earlyidenti�ed LIRGs with a total infrared luminosity of about 1011.7L⊙. Optialstudies of NGC 6240 reveal a morphologially irregular galaxy with leartidal extensions, two nulei and prominent dust lanes, strongly suggesting amerging system. The two galati nulei found in the entral region have aprojeted separation between 1�.5 and 1�.8 at X-ray and radio wavelengths.the fat that the observed distane between the nulei depends on the wave-length at whih they are observed, indiates large amounts of dust extintionin the enter of the galaxy. The presene of the double nuleus is lear alsoin the near infrared images, instead at mid infrared wavelenght, �gure 4.21,most of the ontribution to the MIR luminosity omes from only one ofthe two nulei (Egami et al. 2006 (Egami et al., 2006)). In partiular, thesouthern nuleus provide ∼ 80%−90% of the total �ux at these wavelenghts(8− 25µm) within a radius of <200 p. Moreover, the southern nuleus hasa mid-infrared spetrum and a mid/far-infrared spetral energy distributiononsistent with starburst. Alternatively it's possible to attribute up to 60%of the bolometri luminosity to an AGN, onsistent with X-ray observations,if the AGN is heavely obsured (up to AV < 1000 mag) and emits mostly inthe far-infrared.Indeed, Hagiwara et al., 2011 (Hagiwara et al., 2011), through a radio79



CHAPTER 4. HAWK-I SN SEARCH

Figure 4.20: HAWK-I K-band image of NGC 6240, in whih are leraly visiblethe tidal extensions, and the two nulei in the box zoom in the right.

Figure 4.21: Mid-infrared images of NGC 6240 obtained with the MERLINCamera on the Kek II 10 m telesope on Mauna Kea in Hawaii. North isup and east is left. The observed wavelength (in mirons) is denoted in eahpanel. The ontour maps were produed from Gaussian-smoothed images(Gaussian FWHM=2 pixels). The lowest ontour orresponds to 2 σ abovethe sky level, whih was alulated in the nonsmoothed image, and the su-essive ontours orrespond to fator of 1.4 inreases in surfae brightness(Egami et al. 2006 (Egami et al., 2006)).80



4.6. SN SAMPLEanalysis of the two nulei, suggest that the southern nuleus hosts an AGNand a irumnulear starburst. They also found, very lose to the southernnuleus, two other radio soures, that they identify as long-lived radio SNethat result from ongoing irumnulear star formation.SN 2000 bg was loated, instead, away from the southern nuleus, at about11� (�g. 4.22), and even more distant is SN 2010gp, at about 44�, in theoutskirts of the galaxy. From IRAC/ACS images of Bush et al.2008 (Bushet al., 2008) we an see that SN 2010gp lies just near the end of a tidal tailand a faint dust lane.

Figure 4.22: SN 2000bg disovered by Sato et. al with the KAIT telesope(Sato & Li, 2000) .4.6.2 SN 2010bt in NGC 7130SN 2010bt was disovered on 2010 April 17.10 UT by Berto Monard (Monard,2010) in the spiral galaxy NGC7130. The supernova is loated at R.A. =21h48m20s.22, Del. = -34◦57'16�.5 (equinox 2000.0), whih is 9� west and14� south of the enter of NGC7130. Turatto et al. (2010) obtained a spe-trogram of 2010bt on April 18.39 UT. The omparison of this spetrum withGELATO shows strong resemblane to several type-IIn supernovae a fewdays after explosion. A broad Halpha omponent is also present, from whihan expansion veloity of about 4500 km/s, is derived.SN 2010bt was also disovered indipendently by our searh, on 25 of May,81



CHAPTER 4. HAWK-I SN SEARCHand was observed in other 2 epohs (in June and July). In �gure 4.23 areshown the 3 HAWK-I images in wihih the SN was deteted. Nothing is vis-ible on HAWK-I image taken on June 2009 (also shown in �gure 4.23). Inthe table 4.8 are reported the photometri observations of the SN 2010bt,obtained with the HAWK-I�VLT, the NTT telesope and CTIO, with theorresponding estimated magnitudes.

Figure 4.23: K-band HAWK-I images of the galaxy NGC 7130 with the SN2010bt. The top left image (A) is the pre-explosion image taken on 2009,June 6 when the SN is not present, while the other 3 images (B,C,D) aretaken in 2010, May, June and July.In �gure 4.24 are shown the near infrared and optial light urves ofthe SN 2010bt ompared to the light urves of the type IIn SN 2008D. Islear that our �rst observation of the SN 2010bt is about 50 days afterthe maximum. In �gure 4.25 we an see that SN2010bt su�ers of a slightreddening: in fat, from the olor urve, the value for the olor B-V is about1-1.2 mag.4.6.3 The host galaxy NGC7130NGC 7130 (�g. 4.26), a nearby galaxy (∼ 64Mpc, z = 0.016) with high in-frared luminosity (about 1011.2L⊙) is an example of a starburst/AGN om-posite galaxy, lassi�ed on the basis of optial emission line ratios as a normalSeyfert2 type.The NGC 7130 K band shows an inner bar oriented at P.A.=0°not visible atoptial wavelengths. In the digital sky survey it an be seen that NGC 7130has two dwarf ompanion galaxies loated to the northwest at 50� (15.5 kp)and to the southwest at 30� (9 kp). An Hα image shows two bright armsand irumnulear extended emission, but the [O III℄ image only shows emis-sion onentrated in the nuleus. There is an extremely luminous infrared82



4.6. SN SAMPLESN Telesope Date Filter mag

2010bt

CTIO Apr,27 2010 B 17.89(0.18)V 17.16(0.16)R 16.73(0.09)I 16.39(0.14)CTIO Apr,30 2010 B 18.11(0.15)V 17.36(0.13)R 16.89(0.10)I 16.66(0.09)CTIO May,03 2010 B 18.24(0.14)V 17.52(0.12)R 16.99(0.09)I 16.70(0.11)CTIO May,07 2010 B 18.56(0.06)V 17.79(0.05)R 17.30(0.04)I 16.96(0.06)CTIO May,18 2010 B 19.58(0.11)V 18.59(0.09)R 17.98(0.06)I 17.69(0.07)CTIO May,23 2010 B 19.84(0.14)V 18.84(0.12)R 18.19(0.08)I 17.91(0.12)HST Ot,09 2010 V 22.50(0.05)NTT Sept,15 2010 B 22.55(0.44)V 21.34(0.38)R 20.39(0.34)I 20.29(0.17)NTT Ot,04 2010 B 23.25(0.32)V 22.11(0.29)R 21.45(0.29)I 20.56(0.24)NTT Ot,28 2010 B 24.40(0.37)V 23.91(0.34)R 22.69(0.48)I 21.21(0.33)HAWK-I May,25 2010 K 16.9(0.05)HAWK-I June,19 2010 K 18.08(0.10)HAWK-I july,05 2010 K 18.68(0.10)Table 4.8: Optial and NIR photometry of the SN 2010bt obtained at theHAWK-I, CTIO and NTT telesopes. In the last olumn there are the ap-parent magnitude. 83
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Figure 4.24: Top: Near Infrared light urve of the SN 2010b from the HAWK-I data, superimposed on the urve of the SN 2008D, a type IIn SN. Bottom:The same in the optial (B-band). In this ase data ome from CTIO andHST. Is lear from the omparison that the SN 2010bt is a type II SNobserved about 50 days after the �rst maximum.
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Figure 4.25: B-V olor vs phase from the B maximum. Is lear that the SN2010bt, from the omaprison with the SN 2008D,is slight reddened.soure, with a very ompat radio soure. NGC 7130 looks very asymmetri,with a spiral arm to the northwest being more distorted and less organizedthan the arm to the southeast. This is probably related to the presene ofthe dwarf ompanion galaxy loated to the northwest of NGC 7130. Thereare also two spiral arm segments loated in the outer part of two dust lanesthat run in the northsouth diretion toward the enter. These lanes ouldbe traing the leading edge of the near-IR bar. The inner struture is boxywith the major axis aligned at P.A.=90°, perpendiular to the near-IR bar(González Delgado et al., 1998).4.6.4 SN 2010hp in MCG-02-01-051/2We disovered SN 2010hp on 2010 July 21.26 UT in the spiral galaxy MCG-02-01-051/2 (Miluzio & Cappellaro, 2010). The supernova is loated at R.A.= 0h18m50s.01, Del.= -10◦21'40".6 (equinox 2000.0), whih is 2�.6 westand 2�.7 north of the enter of MCG -02-01-52. In �gure 4.27 are shownthe HAWK-I disovery image and the two other epohs in whih the SNwas detetable. Nothing is visible at this position on K-band images takenon 2009 Aug. 25.41 (top left in �gure 4.27). In the table 4.9 are reportedthe photometri/spetrosopi observations of the SN 2010hp, obtained withthe HAWK-I�VLT and with the NTT telesope, with the orrespondingestimate of the magnitude.Marion et al. obtained the spetrosopi on�rmation that SN 2010hp is atype-II supernova more than 30 days past maximum light (Marion et al.,2010). We also obtained an independent spetrosopi lassi�ation of SN2010hp with X-Shooter�VLT, in optial and NIR spetrum (UVB, VIS and85



CHAPTER 4. HAWK-I SN SEARCH

Figure 4.26: HAWK-I K-band image of NGC 7130, with a spiral arm tothe northwest being more distorted and less organized than the arm to thesoutheast. Is also visible a ompanion loated to the northwest of the galaxy.NIR arms). Assuming a reession veloity for the host galaxy of 8070 km/s,with the Gelato ode ( Harutyunyan et al. 2008, (Harutyunyan et al., 2008)available at website URL https://gelato.tng.ia.es/login.gi) we obtained agood math with the spetrum of the SN 1999em at about +60 days in theplateau phase, with reddening of about E(B-V)=0.4. The spetrum ontainsall the feature of a typial type II Supernova, in partiular are learly visiblethe lines of the Balmer series (Figure 4.28). Others visible lines are that ofNaII, and the doublet of FeII and in the near infrared the CaII emissiontriplet.In �gure 4.29 are shown the near infrared and optial absolute light urvesof the SN 2010hp ompared to the absolute light urves of the type II SN2007od. SN 2007od is a bright IIP, with a short plateau, a bright peak (MV =
−18 mag). Is lear that our �rst NIR observation of the SN 2010hp is verylose to the maximum. There is no eviene for signi�ant reddening fromthe olor omparison.
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4.6. SN SAMPLE
SN Telesope Date Fiter mag

2010hp

HAWK-I Jul,21 2010 K 17.25(0.05HAWK-I Aug,7 2010 K 17.17(0.05)X-Shooter Sept,8 2010 UVB,VIS,NIRHAWK-I Sept,10 2010 K 17.20(0.10)EFOSC2 Sept,14 2010 UBVRI,gm11+16 20.20(U)(0.03)19.61(B)(0.03)18.70(V)(0.03)18.28(R)(0.03)17.89(I)(0.03)SOFI Sept,16 2010 JHK+BG 17.24(J)(0.1)16.93(H)(0.1)16.96(K)(0.1)SOFI Ot,28 2010 J 18.48(0.1)H 18.51(0.1)K 17.99(0.15)EFOSC Ot,29 2010 B >19.13(0.03)V 19.61(0.03)R 18.83(0.03)I 18.83(0.03)EFOSC Jan,01 2011 B >20.83V >20.02R >18.46I 19.50(0.05))EFOSC Jun,24 2011 R,gm16(not vis) >21.4(R)Table 4.9: Optial and NIR photometry/spetrosopy of the SN 2010gp ob-tained at the HAWK-I, X-Shooter and NTT telesopes. In the last olumnthere are the apparent magnitude. In red the row referred to the disoveryimage.
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CHAPTER 4. HAWK-I SN SEARCH

Figure 4.27: K-band HAWK-I images of the galaxy MCG-02-01-051 with theSN 2010hp. The top left image (A) is the �pre-explosion� image taken on2009, Aug. 25 when the SN is not present, while the other 3 images (B,C,D)are taken in July, August and September. The image taken on 2010, July 27is the disovery image (CBET2446).

Figure 4.28: UVB+VIS spetrum of SN 2010hp mathed with the spetrumof type II SN 1999em (with the GELATO ode) about 60 days after themaximum, with the prinipal emission/absorption lines, inluding the linesof the Balmer series.
88
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Figure 4.29: Top: Near Infrared light urve of the SN 2010hp from theHAWK-I data, superimposed on the urve of the SN 2007od, a type II SN. Islear from the omparison that the SN 2010hp is a type II SN observed nearto the maximum. Bottom: The same in the optial (R-band). Points witharrow are only an upper limit. In this ase the �rst observations is severaldays after the maximum.
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Figure 4.30: B-V olor vs phase from the B maximum. Is lear that the SN2010hp, from the omaprison with the SN 2007od, is in pratie no reddened.Parameter ValueRedshift 0.027
Log(LFIR/L⊙) 11.27SFR (M⊙yr

−1) 44.43SN rate (SNyr−1) 0.52Table 4.10: Observing parameters of galaxy MCG-02-01-051/2.The host galaxy MCG -02-01-051/2MCG -02-01-051/2 or Arp 256 (�gure 4.31 is omposed of two galaxies sepa-rated by 54�. Arp 256 N (north) is an SB(s) galaxy, while Arp 256 S (south)is an SB(s)b galaxy. At redshift z = 0.027, their distane is 98.1 Mp, with aprojeted nulear separation of 29 kp. The IR luminosity is ∼ 1011.2L⊙, butneither galaxy is known to have ative galati nuleus (AGN) ativity andboth show HII region-like spetra. The relatively large separation betweenthe galaxies in Arp 256 suggests that the system is in an early phase of merg-ing (Chen et al., 2002). In table 4.10 are summarize the useful parametersof these galaxies.It's interesting to investigate the di�erent trigger of star formation in the twoomponent of Arp 256. In �gure 4.32, from Chen et al. 2002 (Chen et al.,2002), is shown the HI, CO and radio ontinuum maps over an optial im-age. The HI distribution show a spiral pattern, but the peak emission do notorrespond to the optial emission peaks. In ontrast to the HI distribution,the CO emission assoiated with Arp 256S appears well on�ned within theirumnulear region of the galaxy.No CO emission is deteted in the nulear90



4.6. SN SAMPLE

Figure 4.31: HAWK-I K-band image of the galaxy MCG -02-01-051/2, adouble interating galaxies in an early phase of merging.regions of Arp 256N. A strong radio soure also overlaps the bulge of Arp256S. Weaker ontinuum emission is deteted in the diretion of Arp 256N,with the peak over the northern major spiral arm and a weaker peak overthe southern major spiral arm. All these features orroborates the high levelof ativity in the southern soure, implies the presene of a star -formingregions or AGN in Arp 256S. Atually, Veilleux et al. (1995) (Veilleux et al.,1995) �nd, via optial spetra, that both of the galaxies in Arp 256 are HIIregion-like, not powered by an AGN. From this disussion we an say thatboth the galaxies are starburst, with the major ativity in Arp 256S. On theother hand, from the radio ontinuum map is lear that ∼ 75% of the emis-sion is from the southern soure. Moreover, the lak of CO emission ouldimply that Arp 256N has little star formation ativity. From other work, theHα-band images of Arp 256N learly show a peak of emission in the northernarm but not in its nuleus or in the southern arm. This is onsistent withthe loation of SN 2010hp, with an o�set of about 3� from the nuleus, atthe beginning of the northern spiral arm of Arp 256N, within the main starforming region of Arp 256N.4.6.5 SN 2011ee in NGC 7674We disovered SN 2011ee on 2011 June 27.34 UT in the spiral galaxy NGC7674(Miluzio et al., 2011). The supernova is loated at R.A. = 23h27m57s.341,Del. = +08d46'38".10 (equinox 2000.0) whih is 9�.3 east and 6�.3 southof the enter of NGC 7674. In �gure 4.33 are shown the HAWK-I disoveryimage and the two other epohs in whih the SN was detetable. Nothingis visible at this position on a K-band image taken on 2010 Sept. 7.14 (the91



CHAPTER 4. HAWK-I SN SEARCH

Figure 4.32: Zero-moment HI, CO, and radio ontinuum maps in ontoursover an optial image. The H i emission is marked by the green ontours andbeam size indiator. The blue ontours mark the radio ontinuum image.The CO emission is given in red ontours.
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4.6. SN SAMPLESN Telesope Date Fiter mag
2011ee

HAWK-I Jun,27 2011 K 18.6(0.2)Liverpool July,10 2011 R 18.5(0.1)X-Shooter July,17 2011 UVB,VIS,NIRHAWK-I July,29 2011 K 18.4(0.1)HAWK-I Aug,3 2011 K 18.5(0.1)HAWK-I aug,23 2011 K 19.2(0.1)EFOSC Sep,4 2011 B 21.11(0.05)V 20.54(0.03)R 19.99(0.03)I 19.75(0.03)Table 4.11: Optial and NIR photometry/spetrosopy of the SN 2011eeobtained at the HAWK-I, X-Shooter, Liverpool and NTT telesopes. In thelast olumn there are the apparent magnitude. In red the row referred to thedisovery image.image on the top left in �gure 4.33). In the table 4.11 are reported thephotometri/spetrosopi observations of the SN 2011ee, obtained with theHAWK-I�VLT, X-Shooter�VLT, the NTT telesope and with the Liverpooltelesope, with the orresponding estimate of the magnitude.An optial spetrum was obtained by Miluzio et al. with the Very LargeTelesope (+ XShooter) at Paranal (ESO) on 2011 July 17.25 UT (range340-1000 nm, resolution 0.02 nm) showing that the 2011ee is a type-I su-pernova. The GELATO ode (Harutyunyan et al. 2008, (Harutyunyan et al.,2008) available at website URL https://gelato.tng.ia.es/login.gi) gives abest math with typial type-I supernova at a mean phase of about 10 daysafter maximum ( see �gure 4.36).In �gure 4.34 are shown the near infrared and optial absolute light urvesof the SN 2011ee ompared to the absolute light urves of the type I SN2007gr. SN 2007gr best is a broad-lined (�hypernova�) type I SN 2002ap atearly times, peaking with a B band magnitude of MB = −16.8. The lighturve omparison shows that our �rst NIR observation of the SN 2011eeis just few days before the maximum, while the �rst R-band observation isaround maximum, fully onsistent with the spetrum. In �gure 4.35 we ansee that SN2011ee is no reddened, ompared to the olor of the 2007gr.
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CHAPTER 4. HAWK-I SN SEARCH

Figure 4.33: K-band HAWK-I images of the galaxy NGC7674 with the SN2011ee. The top image is the �pre-explosion� image taken on 2010, Sept. 7when the SN is not present, while the other 4 images (A,B,C,D) are takenin 2011, Jun, July, August and September. The image taken on 2011, Jun27 is the disovery image (CBET2773).
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4.6. SN SAMPLE

0 20 40 60 80 100 120 140
phase [from maximum]

	18

	17

	16

	15

	14

K
 a

b
so

lu
te

 m
a
g
n
it

u
d
e

2011ee
2007gr

0 20 40 60 80 100 120 140
phase [from maximum]


18


17


16


15


14

R
 a

b
so

lu
te

 m
a
g
n
it

u
d
e

2011ee
2007gr

Figure 4.34: Top: Near Infrared light urve of the SN 2011ee from the HAWK-I data, superimposed on the urve of the SN 2007gr, a type I SN. Is learfrom the omparison that the SN 2011ee is a type I SN observed few daysbefore the maximum. Bottom: The same in the optial (R-band). In this asethe �rst observations is around the maximum.
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Figure 4.35: B-V olor vs phase from the B maximum. Is lear that the SN2011ee, from the omaprison with the SN 2007gr, is in pratie no reddened.

Figure 4.36: UVB+VIS spetrum of SN 2011ee mathed with the spetrumof type I SN 1997ei (with the GELATO ode) about 25 days after themaximum. 96



4.6. SN SAMPLEParameter ValueRedshift 0.029
Log(LFIR/L⊙) 11.22SFR (M⊙yr

−1) 39.99SN rate (SNyr−1) 0.47Table 4.12: Observing parameters of galaxy NG 7674.The host galaxy NGC7674NGC 7674 (Fig. 4.37) is a type 2 Seyfert galaxy at a distane of about 115Mp whih is lassi�ed as Sb pe.This galaxy has an infrared luminosity of LIR ∼ 1011.22L⊙ and it is thebrightest member of the well-isolated Hikson 96 (H96) ompat galaxygroup, whih onsists of four interating galaxies with a mean helioentriveloity of 8760 kms−1 and a low veloity dispersion (σV ∼ 160kms−1).The two largest members in this group, NGC 7674 (H96a) and NGC 7675(H96b), are separated by a projeted distane of 2'.2. The nulear regions ofNGC 7674 seems to be powered by an ative galati nuleus. The observedfeatures in NGC 7674, as revealed in optial images, an be aounted for bytidal interations with its ompanion galaxies in the group (Momjian et al.,2003). SN 2011ee is loated in the eastern part of the galaxy, at the begin-ning of the spiral arm where is stronger the in�uene of the near ompanionH96 (H96b is further away with H96d).

Figure 4.37: HAWK-I K-band image of Hikinson ompat group 96. Thebrighest member of the group is the starburst galaxy NGC 7674 .97



CHAPTER 4. HAWK-I SN SEARCHParameter ValueRedshift 0.017
Log(LFIR/L⊙) 11.39SFR (M⊙yr

−1) 47.29SN rate (SNyr−1) 0.55Table 4.13: Observing parameters of galaxy IC 4687.SN Telesope Date Fiter mag2010 in IC 4687 HAWK-I May,21 2010 K 17.95(0.1)HAWK-I Jun,16 2010 K 17.86(0.1)HAWK-I June.28 2010 K >17.7Table 4.14: NIR photometry of the possible supernova in IC 4687/6 obtainedwith the HAWK-I telesope. In the last olumn there are the apparent mag-nitude. In red the row referred to the disovery image.4.6.6 Possible Supernovae in IC 1623A/B and IC 4687/6For these two possible supernova andidates it was impossible to obtain aspetrosopi lassi�ation due to their faintness. we have to rely on the lighturve in order to on�rm the andidate and assign a SN type.PSN in NGC IC4687/6Supernova in IC 4687/6 was disovered on 2010 May 21.34 UT in the galax-ies pair IC4687/6. The transient is loated at R.A. = 18h13m40s.213, Del.= -57◦43'28�.0 (equinox 2000.0) whih is 2�.6 east and 2�.8 north of the en-ter of IC 4687. IC 4687 forms a triplet with two other galaxies: IC 4686,near IC 4687 (the galaxy at the top) and IC 4689, the galaxy at the bot-tom of the �gure 4.38. IC 4687 has a haoti body of stars, gas and dustand a large urly tail to the left. The two ompanions are partially ob-sured by dark bands of dust. The interating triplet is 69.6 Mp away fromEarth, in the onstellation of Pavo, the Peaok, at redshift of 0.017 and with
Log(LFIR/L⊙ ∼ 11.39 (in the table 4.13 some observational data about IC4687).In �gure 4.39 are shown the HAWK-I disovery image and the three otherepohs in whih the SN was detetable. Nothing is visible at this positionon a K-band image taken on 2009 Aug. 8.14 (the image A on the top left in�gure 4.39). In the table 4.14 are reported the estimated magnitudes.An optial spetrum was obtained with the Very Large Telesope (ISAAC)at Paranal (ESO) at the end of May (2010) but it turned out to be uselessto the low S/N.The only way to lassify this possible supernova is to ompare the light98



4.6. SN SAMPLE

Figure 4.38: K-band HAWK-I images of the galaxies triplet with IC 4687(top), I 4686 (in the middle) and I 4689 (bottom).

Figure 4.39: K-band HAWK-I images of the galaxy IC 4687 with the possiblesupernova. The top left image A is the �pre-explosion� image taken on 2009,Aug. 8 when the SN is not present, while the other 3 images (B,C,D) aretaken in 2010, May and june.
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CHAPTER 4. HAWK-I SN SEARCHurves with light urves of known supernovae. For this event we have onlytwo K band measurements, so it's not so easy to onstrain the absolutelight urve. However, these measures, and available upper limits, translatedin absolute magnitudes whih are best mathed with the light urve of SN2005s (e.g. Pastorello et al. 2009 (Pastorello et al., 2009)) and therefore theSN is assumed of type II (�gure 4.40). SN 2005s is an underluminous typeIIP SN, more than a magnitude fainter than the mean IIP luminosity.Unfortunately, it's no possible to give an estimate of the extintion of thehost galaxy beause no olor urves are available for this objet.
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Figure 4.40: Near Infrared light urve of the possible supernova from theHAWK-I data, superimposed on the urve of the SN 2005s, a type II SN. Wehave only two K band measurements available. These measures, and availableupper limits, translated in absolute magnitudes whih are best mathed withthe light urve of SN 2005s and therefore the SN is assumed of type II.PSN in IC 1623The Supernova in IC 1623 (PSN J01074624-1730296) was disovered on 201107 21.36UT in the galaxy IC1623. The PSN is loated at R.A. =01h07m46s.24Del. =-17d30'29�.60 (equinox 2000.0) whih is 3�.6 east and 6�.9 south ofthe enter of IC 1623. .In �gure 4.41 are shown the HAWK-I disovery image and the two otherepohs in wihih the SN was detetable. Nothing is visible at this positionon a K-band image taken on 2010 Aug. 8 (the image A on the top left in�gure 4.41). In the table 4.15 are reported the photometri observations ofthe PSN, obtained with HAWK-I�VLT, the NTT telesope and TNG, withthe orresponding estimated magnitudes.100



4.6. SN SAMPLESN Telesope Date Fiter mag
PSN in IC1623

HAWK-I July,21 2011 K 18.15(0.2)TNG Aug,1 2011 V >19.3R 19.5(0.2)I 19.0(0.2)HAWK-I Aug,23 2011 K 18.72(0.2)NTT Sep,4 2011 B >21.3V >20.0R 20.1(0.3)I 19.5(0.3)HAWK-I Sep.8 2011 K 19.43(0.2)Table 4.15: NIR/optial photometry of the possible supernova in IC 1623. Inthe last olumn there are the apparent magnitude. In red the row referredto the disovery image.

Figure 4.41: K-band HAWK-I images of the galaxy IC 1623 with the possiblesupernova. The top left image A is the �pre-explosion� image taken on 2010,Aug. 8 when the SN is not present, while the other 3 images (B,C,D) aretaken in 2011, july. august and Septepmber.To on�rm and lassify this transient we rely on the omparison of thelight urves with light urves of known supernovae. In this ase we have moremeasurements, so the photometri lassi�ation is easier. We found that theinfrared and optial photometry of the transient in IC 1623 are best �t tothe lassial type IIP SN 1999em. The light urves of SN 1999em peak at aV band magnitude of MB = −15.76, and the plateau phase lasts about 80days, after whih the light urve displays a steep deline (∼2 mag in ∼40 dfor the V-band), signalling the onset of the nebular phase and the start ofthe exponential deline (Elmhamdi et al., 2003),(Pooley et al., 2002).From the omparison in �gure 4.42, we an argued that the PSN is a typeII SN disovered about 100 days after his maximum. The �gure 4.43 shows101



CHAPTER 4. HAWK-I SN SEARCHthe olor urve (R− I), from whih we an see that this PSN su�ers little ifany extintion in the host galaxy.
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Figure 4.42: Near Infrared and optial light urves of the possible supernovain IC 1623, superimposed on the urve of the 1999em, a type II SN.IC1623 (= VV114 = Arp 236), loated at a distane of 80 Mp, is aninterating systems undergoing vigorous starburst ativity. Its infrared lumi-nosity is LIR = 1011.5L⊙ making it a LIRG and one of the brightest objetsof the IRAS Bright Galaxy Sample. It appears to be an early-stage mergerof two galaxies (see 4.16) that are aligned east-west with a projeted nu-lear separation of ∼6 kp and referred in the literature as VV114E andVV114W. VV114 ontains a large amount of dust (Mdust = 1.2 × 108M⊙ )distributed aross the galaxy with a dust temperature of 20-25 K. About half102



4.6. SN SAMPLE
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Figure 4.43: R-I olor vs phase from the B maximum. Is lear that the PSNin IC 1623, from the omaprison with the SN 1999em, is in pratie noreddened.
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CHAPTER 4. HAWK-I SN SEARCHof the warmer dust traed in the mid- IR (MIR) is assoiated with VV 114E,where both ompat (nulear region) and extended emission are found ((LeFlo'h et al., 2002). The MIR spetrum also shows a sign of an AGN in VV114E ((Le Flo'h et al., 2002)). Alonso-Herrero et al. (2002)((Alonso-Herreroet al., 2002)) deteted abundant Hii regions in VV 114E and in the overlapregion using the narrow band Paα images. Soville et al. (2000) ((Sovilleet al., 2000)) imaged the near-IR (NIR) emission using the Near- InfraredCamera and Multi-Objet Spetrometer on board the Hubble Spae Tele-sope and found that the highly optially obsured VV 114E is the brighterof the two in the NIR. Far-UV imaging using the Spae Telesope ImagingSpetrograph found several hundred young star lusters in VV 114W, whileno UV emission was found in VV 114E ((Goldader et al., 2002)), whihsuggests that most of the ativity in VV 114E is obsured by dust and notvisible in the UV emission.Finally, nearly 65% of the MIR emission assoiated with the eastern om-ponent VV 114E, originate from the entral 1kp region. The MIR emissionfrom the western omponent is more di�use and does not peak in its nuleus.Rather, it displays a loal maximum in a near HII region loated in the over-lap area of VV 114E and VV 114W. A large number of young star lustersand ompat HII regions were also deteted in the NIR throughout the samearea, indiating a massive extranulear star formation ativity. This is in-teresting beause the possible supernova was found very lose to a probablyHII region, on�rming the extranulear star formation ativity around VV114W.

Figure 4.44: HAWK-I K-band image of the galaxy IC 1623 (VGV 114). Arelearly visible two nulei with numerous other ompat regions where theemission in the NIR is important.
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4.6. SN SAMPLE

Parameter ValueRedshift 0.020
Log(LFIR/L⊙) 11.50SFR (M⊙yr

−1) 72.68SN rate (SNyr−1) 0.86Table 4.16: Observing parameters of galaxy IC 1623.
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CHAPTER 4. HAWK-I SN SEARCH
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Chapter 5Expeted SN rateBeause of the small number of deteted events it is not viable to derivediret statistial measurements of the rates of SNe in starburst galaxies.We use instead a MonteCarlo approah were we ompute the number andproperties of expeted events based on adopted physial parameters andsimulating the random hanes of explosion and detetion. By olleting anumber of MonteCarlo experiments with the same input parameters we antest whether the observed events are within the expeted distribution. If notwe an vary the input parameters of the simulation and repeat the test untilwe found a satisfatory agreement.It the following we �rst illustrate the simulation tool �ow hart and thehoie of the input parameters and in subsequent setions we analyze indetail the main input of the simulation.5.1 Simulation toolThe MonteCarlo simulation tools was built in the Python environment. In-puts of the simulation are:� the sample galaxy atalog inluding for eah galaxy the following data:redshift, galati extintion, infrared �uxes at 60 and 100 µ, B magni-tude orreted for internal extintion, Hubble type 1.� information desribing the SN properties for eah of the SN types on-sidered here that are type Ia and, for ore ollapse, types IIP, IIL, IInand Ib/. The SN properties are desribed by light urves, luminosityfuntions, K-orretions and relative rates of the di�erent ore ollapsessubtypes.� details of the searh ampaign, namely: log of observations, detetionlimit for eah observation as a funtion of the position of the transient1http://ned.ipa.alteh.edu/ 107



CHAPTER 5. EXPECTED SN RATEinside the parent galaxy� the adopted osmologial parameters: ΩM = 0.3 and Ωλ = 0.7In addition there are a number of test parameters that are allowed tohange for di�erent simulation runs. These are:� the number of SNe expeted from a given star formation episode. Forore ollapse SNe this is determined only by the adopted mass range ofthe progenitors. In fat, for our purposes we ignore the very short timedelay from star formation to explosion. For type Ia we need to onsiderthe realization fator, that is the fration of events in the proper massrange whih ours in suitable lose binary systems.� the adopted absorption depth and distribution inside the parent galax-ies� the adopted star formation distribution inside the parent galaxiesThe simulation proeeds with the following operations for eah individualgalaxy:� from IRAS 60 and 100 µ �uxes we derive the total infrared luminos-ity (TIR) and hereafter, adopting a proper onversion fator, the starformation rate (SFR).� we then ompute the expeted number of SNe per year. Core ollapseare sub-divided in di�erent subtypes based on the observed distributionfrom optial SN searhes (see next subsetion)� a time interval is hosen so that 100 SNe are expeted to explode inthe given galaxy and period. The time interval terminates with thelast observations of the given galaxy and, given the expeted SN ratesis, for all galaxies muh longer than the duration of our monitoringampaign. The reason to simulate 100 events is to avoid having to dealwith frational SN numbers for the di�erent subtypes. Hereafter theepoh of explosion of eah events is randomly hosen within the de�nedtime interval.� for eah of the simulated SNe:we assigned a random absolute magnitude with the average valueappropriate for the given subtype and adopted SN luminosity funtion.a random explosion site is hosen inside the parent galaxy. Therandom distribution is not uniform but follows the adopted star for-mation spatial distribution for the given galaxy.108



5.2. FROM IRAS MEASUREMENTS TO STAR FORMATION RATEan extintion value is assigned to the SN. This is extrated randomfrom an adopted gaussian distribution with an average values thatdepends on the position of the simulated SN inside the parent galaxyand sigma equal to 1/3 of the average value.5.2 From IRAS measurements to Star FormationRateThe SFR in a starbursting region an be estimated on the basis of the FIRluminosity (de�ned as the �ux between 42 and 122 µm, e.g Magnelli et al.(2010)), under the assumption that dust reradiates the overall bolometriluminosity and after alibration with stellar synthesis models. It is the mostommonly quoted infrared �ux, and quite often it is used as an indiator ofthe total level of ativity in the interstellar medium.Star formation rate is derived from LTIR. Helou et al. (1988) provide a usefulway of deriving the far-infrared �ux from IRAS measurements:
FIR = 1.26 × 10−14 [2.58 fν(60µm) + fν(100µm)]where FIR is in W m−2 (= 103 erg cm−2 s−1) and fν are in Jansky.Dale et al. (2001), with their SED model, derive infrared bolometriorretion, for a given redshift as a funtion of the observed (redshifted)

fν(60µm)/fν(100µm) ratio, for the purpose of onverting observed far-infrared�uxes to the total infrared luminosity. The total far infrared �ux, TIR, resultsfrom:
log

TIR

FIR
= a0 + a1x+ a2x

2 + a3x
3 + a4x

4where x = log fν(60µm)
fν(100µm) and [a(z = 0)] ≃ [0.2378,−0.0282, 0.7281, 0.6208, 0.9118]Knowing the distane D, one an derive the luminosity:

LTIR = 4πD2 TIRKenniutt et al. (1998) derive the relation of the SFR with the totalLTIR, adopting the mean luminosity for 10-100 Myr ontinuous bursts, solarabundanes, and the Salpeter IMF and assuming that the dust reradiates allof the bolometri luminosity:
SFR

1M⊙ yr−1
=

LTIR
2.2 × 1043 [erg s−1]

=
LTIR

5.8 × 109 [L⊙]5.3 SFR vs. SNR relationTo derive the SN rate is important to de�ne two ruial parameters: thenumber of SNe per unit mass from one stellar generation, or SN produtivity109



CHAPTER 5. EXPECTED SN RATE(kSN ), and the distribution of the delay times (fSN ), the delay time (tD)being the age of the progenitor star at explosion. These parameters ontrolthe rate at whih SNe our in a stellar population: at an epoh t sinethe beginning of star formation, the rate of SNe is obtained by summingthe ontribution of all past stellar generations, eah weighted with the starformation rate (ψ) at the appropriate time:
ṅSN(t) =

∫ t

0
ψ(t− tD)kSNfSN(tD)dtd. (5.1)for an instantaneous burst in whih M solar masses of stars are formed. Eq.5.1 beomes

ṅSN (t) = MkSNfSN(tD = t),whih shows that the SN rate following an instantaneous burst of star for-mation is proportional to the tD through the produt of the total mass offormed stars and the SN produtivity.5.3.1 Core Collapse SNeFor ore ollapse SNe the delay time from formation to explosion is short(from 2.5 My for star of 120 M⊙ to 40 My for stars of 8 M⊙).Assuming that star formation have been onstant for the last 40 My theexpeted CC SN rate ṅCC is proportional to the ongoing SFR:
ṅCC = kCC × ψ (5.2)where ψ = SFR and

kCC =

∫MCC,u

MCC,l
φ(m)dm∫Mu

Ml
mφ(m)dmwhereMCC,u andMCC,l are respetively the maximum and minimum stellarmass whih give rise to a CC SN event and φ(m) is the initial mass funtion(IMF). This shows that the rate depends strongly on the IMF: �atter IMFsprovide higher CC SN rate; for a salpeter-diet IMF, in a galaxy forming starsat a onstant rate of 1M⊙/yr, after the �rst ∼ 40 Myr from the beginningof SF one gets 1 CC event per entury. For a universal IMF we thus expetthat CC SN rate is basially proportional to the urrent SFR in all galaxieswhih have been forming stars sine ∼ 40 Myr ago. For the referene asewe assume a diet IMF, that is:

φ(m) ∝ m−αwith α = 1.3 for 0.1 < m < 0.5M⊙

α = 2.35 for 0.5 < m < 100M⊙110



5.4. EXCTINCTIONThe upper limit of CC SN progenitor is not well onstrained. However, giventhe low number of massive stars kCC is little in�uened by the atual hoie.We adopt MCC,u = 40M⊙. More important is instead the lower limit of CCSN progenitor mass, the produtivity dereasing by a fator of ≃ 0.7 ifMCC,lgoes from 8 to 10 M⊙ for a Salpeter diet IMF. We adopt the value derivedfrom diret detetion and measurement of SN preursors: MCC,u = 8M⊙Smartt (2009).With this assumption kCC = 0.0107M−1
⊙ (for a plain Salpeter IMF kCC =

0.00676) (f. maro servie.py)5.3.2 SN IaBeause of the long delay time, the expeted number of SN Ia strongly de-pends on the SFR history of the stellar population (and on the adopted SNprogenitor senarios). If the SN Ia produtivity is onstant in time we anwrite
ṅIa(t) = kIaM(t)〈fIa〉ψ(t),where )〈fIa〉ψ(t) is the average of the delay times weighted with the agedistribution of the stellar population, or the SFH, and M is the total massturned into stars upo to the epoh t. The total number of SNe from starformed in one stellar generation is kIa = 2.5× 10−3M−1

⊙ Greggio & Renzini(2011), that is, 2.5 SN Ia every 1000 M⊙ of stars formed in one stellargeneration. This means that from one stellar generation CC SNe outnumberSN Ia by a fator ∼ 4.In normal galaxies at any given time the ṅCC/ṅIa ratio is signi�antlylower and, depending on the star formation history, range from 0 for passivegalaxies to ∼ 6 in average Sd galaxies ((SNII+SNIb)/SNIa) (Li et al.,2011), as showed in the �g. 5.3.2. In fat, it is generally aepted that early-type galaxies (E/S0) are predominantly made of old stellar populations, whilelate-type galaxies (S/Sd) onsist of mostly young stellar populations. Thegalaxies of our sample are all atively star forming and their urrent SFR islikely signi�antly higher than the average star forming galaxy. We take asreferene a value of ṅCC/ṅIa = 10.5.4 ExtintionMaximum extintion is taken as for the nuleus of Arp 220 from the workof Shioya et al. (2001). They onstrut a starburst model for the hiddenstarburst in Arp 220, assuming a model with ontinuus star formation andsolar metalliity for the entral regions of galaxies. They then ompute thevisual extintion neessary to hide the hidden starbursts. In Arp 220 thereare two onentrations of thermal dust emission with whih the hidden star-bursts are assoiated. They �nd that AV must be larger than 30 mag for111



CHAPTER 5. EXPECTED SN RATEFigure 5.1: SN rates in average galaxies of di�erent Hubble types (Li et al.,2011).

the western nuleus and 40 mag for the eastern nuleus Shioya et al. (2001).Other works (Soville et al. (1998), Genzel et al. (1998)) found similar valuesfor extintion, ranging from 15 to 45 mag. We take as referene value in oursimulation AV = 30 mag and we assumed that extintion is saled with SFR,that is AV ∝ SFR. The extintion law in Starburst galaxies is desribed bythe Calzetti law RV = 4.05 ± 0.8 Calzetti et al. (2000)5.5 Star Formation distributionA ruial ingredient to obtain an aurate estimate of the expeted SN rateis the spatial distribution of the star fomation in starburst galaxies. This isa strongly debated issue.From early observations of nearby starburst systems it has been lear thatthe bulk of the energy of these systems emerges in the thermal infrared. Be-ause dust radiates through thermal emission to the radiation �eld in whihit is embedded, thermal radiation by dust is the ideal way to trae the urrentloation of the dominant luminosity soures, i.e., the most luminous stars, instarbursts. Analysis of the IRAS Bright Galaxy Sample showed that 30% of112



5.5. STAR FORMATION DISTRIBUTIONthe energy output in the loal universe emerges in the mid- and far-infrared(5-200µm), and the bulk of this luminosity is due to star formation, as dis-ussed by Kenniutt (1998), the e�ay of the IR luminosity as a traer ofthe SFR depends on the ontribution of the young stars to the heating ofthe dust, and requires that all the UV light from massive stars is absorbedby the dust.The mid-IR luminosities are routinely used to estimate the SFRs of galax-ies at osmologial distanes (e.g., Elbaz et al. 2002; Le Flo'h et al. 2005).Observationally, the 12 µm luminosity is found to be a good indiator of thetotal IR luminosity of loal galaxies. The advantage of using mid-IR lumi-nosities ompared to near-IR as indiators of the SFR is that they are nota�eted by the ontribution from old dust heated by old stars that maydominate the NIR-IR luminosities. Spitzer observations of nearby normalgalaxies are now showing that there is a good orrelation between the Paαor Hα luminosity (orreted for extintion) and the 24 µm luminosity of HIIknots and HII regions (e.g., M51, Calzetti et al. 2005), indiating that thelatter luminosity ould also be a good potential SFR traer.Our survey is in the near-IR K-band whih better traes the stellar mass of agalaxy and not diretly the star formation. So, we an use the K-band lumi-nosity as a proxy of the star distribution. But it's fundamental to know themap of the star formation, and we an do this only knowing the distributionof the mid/far infrared luminosity of the galaxies of our sample. In prinipleone may think to reover this information by analyzing Spitzer mid infraredimages of the galaxies, all available in the Spitzer arhive. Unfortunately al-though Spitzer provides highly sensitive imaging of LIRGs, it annot resolvethe sizes of the MIR emitting regions. For these relatively distant galaxiesindeed it's very di�ult to ompare HAWK-I images and Spitzer imagesdue to the large di�erenes in resolution (HAWK-I pixel sale: 0.105 pixel/�,Spitzer pixel sale: 1.2 pixel/�).This is illustrated in �gure 5.2 where we an see the omparison betweenthe luminosity pro�le in the HAWK-I images and Spitzer images (shownfor 3 di�erent hannels of the latter instrument). The narrower pro�le ofthe HAWK-I K band luminosity is atually an instrument e�et due to thebetter resolution of the K-band image ompared to the resolution of theSpitzer images. In fat, as we will see later, the mid-infrared emission is ingeneral more ompat than the overall distribution of near-infrared light.We attempted to �nd the mid/far infrared relative distribution, the size ofthe star forming regions and then the star formation distribution in the lit-erature, onsidering work that make use of other tehniques or instrument(for example Gemini/T-reCS mid infrared imaging, Paα or Hα observations...) but it turned out to be impossible to �nd detailed information for eahgalaxy. We then deided to rely on a statistial approah.Hattori et al. (2004) performed Hα imaging observations of 22 luminous113



CHAPTER 5. EXPECTED SN RATE

Figure 5.2: Comparison of the luminosity distribution for the di�erent im-ages of the galaxy ESO286-IG019 obtained with HAWK-I telesope and thedi�erent hannel of the Spitzer telesope.infrared galaxies to investigate how the distribution of star-forming regionsin these galaxies is related to galaxy interations. The half-light radius of Hαemission is a useful indiator of the size of the star-forming region. Therefore,Hα emission may be used to trae the spatial distribution of star-formingregions within individual galaxies. An advantage of Hα emission is its largerange of spatial sales; i.e., it is sensitive to small- (∼1�) and large- (∼′1')sale emission, and observations are insensitive to di�use emission. Based onorrelation diagrams between Hα �ux and ontinuum emission for individualgalaxies, a sequene for the distribution of star-forming regions was found asfollows:a) very ompat (∼100 p) nulear starbursts with almost no star-forming ativity in the outer regions (type 1), b) dominant nulear starbursts
≤1 kp in size with a negligible ontribution from the outer regions (type2), ) nulear starbursts ≥1 kp in size with a signi�ant ontribution fromthe outer regions (type 3), and d extended starbursts with relatively faintnulei (type 4). These lasses of star-forming regions were found to be or-relate withglobal star-forming properties, suh as star formation e�ieny,far-infrared olor, and dust extintion (see Fig. 5.3 and table 5.1). Indeedthere is a lear tendeny for the objets with more ompat distributionsof star-forming regions to show a higher star formation e�ieny and anhotter far-infrared olor. An appreiable fration of the sample objets were114



5.5. STAR FORMATION DISTRIBUTIONdominated by extended starbursts (type 4), whih is unexpeted in the stan-dard senario of interation-indued starburst galaxies. Hattori et al (2004)also found that the distribution of star-forming regions was learly related togalaxy morphology: disturbed objets tend to show a more onentrated dis-tribution of star-forming regions. This suggests that the properties of galaxyinterations, suh as dynamial phase and orbital parameters, play a moreimportant role than the internal properties of progenitor galaxies, suh asdynamial struture or gas mass fration.The onlusions of this work are on�rmed by our analysis: we found the

Figure 5.3: Galaxies sample of Hattori et al. 2004, with some properties ofindividual objets and some indiators of Hα distribution. For the ompletetable see Hattori et al. 2004 (Hattori et al., 2004)same orrelation between disturbed objets and onentration of the star for-115



CHAPTER 5. EXPECTED SN RATEType log(f60/f100) σ log(f25/f60) σ Size of SB(D)Mean (Kp)1 -0.081 0.052 -1.191 0.120 D<0.5-12 -0.067 0.059 -0.741 0.070 D<13 -0.244 0.026 -0.963 0.095 1<D<1.54 -0.314 0.043 -0.938 0.076 D>1.5-2 KpTable 5.1: Mean and standard deviation of some of the star-forming proper-ties for eah type of objet. The last olumn represent the estimated size ofthe starburst region.mationa ativity. An important test omes from two earlier works of Soifer etal. (2000, 2001) (Soifer et al., 2000) (Soifer et al., 2001). They reported obser-vations for several infrared-luminous starburst galaxies in the mid-infraredfrom 8 to 18/25 µm using the Kek telesopes with spatial resolution ap-proahing the di�ration limit. All the galaxies observed show evidene ofstrong interations based on optial morphologies. With �gure 5.4 (our re-working of the original �gures) we an summarize their main onlusions.In the top we show the urves of growth of the 12.5 µm �ux as a funtionof beam radius, ompared with those at 2.2 µm and 1.1 (or 1.2) µm for thegalaxies in the sample. Figure 5.4 (top) shows that for the galaxies wherethe 12.5 µm images aount for the bulk of the total �ux of the galaxy,the radius of the region produing 50% of the �ux is between 100 p and
∼300 p, while the equivalent radius at 1.2 and 2.2 µm is between 1 and 2kp. Notieable exeptions to this general trend are VV 114 and NGC 6090,where a substantial fration (∼60%) of the 12 µm light is not deteted in theground-based observation and is presumably extended, low surfae bright-ness emission distributed all over the galaxies. For both VV 114E and NGC6090 (the two urves at the top right of �gure 5.4) the urves of growth at2.2 and 12.5 µm are quite similar.To summarize their onlusions:� A substantial fration, usually more than 50%, of the mid-infraredluminosity in these systems is generated in regions ranging in size from

∼100 p to 1 kp;� Nulear starbursts generally dominate the starburst ativity in thesegalaxies;� In some ases, most notably NGC 6090, substantial infrared luminosityis emitted from extranulear regions and is more likely assoiated withthe region of physial interation between two galaxies;� Mid-infrared emission is muh more ompat than is near-infraredemission in these galaxies. 116



5.5. STAR FORMATION DISTRIBUTIONThis appears to on�rm the results of Hattori et al. (2004) sine the galaxiesof Soifer et al. (2000,2001) are all strong interating galaxies, some of thatin ommon with the sample of Hattori. The fat that the majority of thegalaxies of Soifer et al. have very ompat starburst regions is onsistentwith the fat that severely disturbed objets had a more onentrated dis-tribution of star-forming regions. So not surprising only two galaxies havedi�use mid-infrared emission. Following the paper of Hattori et al. 2004,

Figure 5.4: Top: Montage of the normalized urves of growth for the galaxiesin the sample of Soifer et al. (2001) at 12.5 µm (solid line), 2.2 µm (dashedline), and 1.1 µm (or 1.2 km in the ase of Mrk 331, dotted line). Curves in theleft box represent the following galaxies: NGC1614, NGC2623, NGC3690AB,IC883, Mrk331; urves in the right box represent the galaxies VV114E andNGC6090. Bottom: Curves of growth for the following objets: IRAS 05189,IRAS 08572, UGC 5101, Mrk 231 and IRAS 17208.we an try to estimate the size of the starburst region of the of galaxies ofour sample based on the observed morphology and available infrared olors.117



CHAPTER 5. EXPECTED SN RATEThe �rst step is to lassify morphologially the sample. Objets with strongtidal features and a single nuleus were lassi�ed as �mergers�. Paired galax-ies with overlapping disks or a onneting bridge were lassi�ed as �losepairs�, where the projeted separation ranges from ∼4 to 20 kp. Galaxiesthat have nearby (<100 kp) ompanion galaxies at the same redshift butno evident overlap between the primary galaxy and its ompanion were las-si�ed as �pairs�. The remaining eight objets were lassi�ed as �single�. Notethat, although the �single� objets do not show strong tidal features, manyof them show some distorted /asymmetri appearane. Thus, it is possiblethat some of the �single� objets are remnants of mergers or have experienedtidal interations. In table 5.2 the M, C, P, and S represent merger, losepair, pair, and single, respetively. The important point is that this mor-phologial lassi�ation appears to orrelate with the infrared olor, namelythe log(f60/f100)-log(f25/f60), so we an use these two parameters in orderto have an indiation of the starburst region size (f60/f100 is related to thedust temperature). With this approah we obtained an estimate of the starforming region for all the galaxies of the sample. Sine for several galaxieswe an �nd in the literature estimates of the size of the star forming regions,we an immediately test the results obtained for our galaxies sample (lastolumn). We an see that there is a good agreement between literature andour empirial estimates of the size of star forming regions on�rming the fatthat the size of the nulear star-forming region inreases from type 1 throughtype 2 and 3. In the type 3 objets there is a substantial ontribution fromthe outer regions to the total Hα �ux. The star-forming ativity in the type 4objets is dominated by extended starbursts. Figure 5.5 shows that galaxieswith a strong onentration (type 1 and type 2) show the largest values off60/f100, i.e., the highest dust temperature, whereas galaxies that are domi-nated by extended starbursts (type 4) show the smallest values, with type 3lying between the two extremes. Exept for type 1, the f25/f60 ratio shows asimilar tendeny as for f60/f100, although the di�erene between the typesis less lear.Investigating the relationship between star-forming properties and morpho-logial lass of the sample objets we an on�rm that more disturbed ob-jets tend to have a more ompat distribution of the star-forming region.Although there are exeptions to this rule, this suggest that the degree ofdynamial disturbane plays an important role in determining the distribu-tion of star-forming regions. A possible explanation of this trend is that weare looking at an evolutionary sequene: as the merging proess advanes,star formation beomes more ative and develops a more onentrated dis-tribution. In other words, the interation strength ontrols the distributionof star-forming regions: the stronger the dynamial disturbane, the moreompat the region to whih the star-forming ativity is on�ned.At an early stage of interation, star formation ours in both the nulearand outer regions (type 3). As the proess of interation proeeds, the infall118



5.5. STAR FORMATION DISTRIBUTIONGalaxy Morphologial Type log(f60/f100) log(f25/f60) SB sizeClassCGCG011-076 S 3 -0.20 -0.89CGCG043-099 S 3 -0.19 -1.05ESO148-IG002 CP 2 0.01 -0.82ESO239-IG002 M 1 -0.04 -0.79ESO244-G012 CP 2 -0.10 -0.68ESO264-G036 S 4 -0.34 -0.96ESO286-IG019 M 1 0.07 -0.81 <1kpJohansson 1991ESO440-IG058 P 3 -0.23 -0.99ESO507-G070 S 2 -0.08 -1.21IC1623A/B CP 2 -0.14 -0.80 <1kpSoifer 2001IC2545 M 1 0.005 -0.88IC2810 P 3 -0.22 -1.0IC4687/6 P 3 -0.13 -0.76 Di�use emissionAlonso-Herrero 2006IRAS12224-0624 S 3 -0.14 -1.48IRAS14378-3651 S 2 -0.08 -1.0IRAS16399-0937 CP 3 -0.24 -0.87IRAS17207-0014 M 1 -0.05 -1.36IRAS18090+0130 P 4 -0.31 -0.98MCG-02-01-051/2 P 3 -0.14 -0.79MCG-03-04-014 S 3 -0.15 -0.91NGC0034 M 1 0.004 -0.85NGC0232 P 3 -0.23 -0.89 <500pIeto 1991NGC3110 P 4 -0.30 -1.0NGC5010 S 4 -0.33 -0.85NGC5331 CP 4 -0.29 -1.0NGC6240 CP 2 -0.06 -0.81 <1kpEgami 2006NGC6926 S 4 -0.31 -0.83NGC7130 P 3 -0.19 -0.89 <1.5kpLevenson 2005NGC7592 CP 2 -0.12 -0.92 <1.5kpHattori 2002NGC7674 P 3 -0.19 -0.45Table 5.2: Morpgologial and type lassi�ation of the galaxies sample. Weremember that: type 1 have ompat SB (<500p), type 2 have nulear SB(<1kp), type 3 have SB region >1kp and type 4 have di�use emission withextranulear star formation.
119



CHAPTER 5. EXPECTED SN RATEof gas louds ativates nulear star formation, making it the dominant en-ergy soure of the system (type 2). By the �nal phase, most of the gas loudshave fallen into the nulear region, and the star-forming ativity is on�nedto the nuleus (type 1). In this proess the size of the nulear star-formingregion beomes gradually smaller.The last information we need is the FIR �ux in ase of paired systems. Inthis way we an have all the information to have a good estimate of the sizeand the loation of the star forming region in all the galaxies of our sample.In table 5.3 there are the pairs or lose pairs galaxies with the informationon the relative emission from eah omponent (where available in literature).
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Figure 5.5: Galaxies with a strong onentration (type 1 and 2) show thelargest values of f60/f100, i.e., the highest dust temperature, whereas galaxiesthat are dominated by extended starburst (type 4) show the smallest values,with type 3 lying between the two extremes. The small values of f25/f60 inthe type 1 objets are also expeted to be aused by the ompat distributionof nulear star-forming regions. Therefore, the di�erene in the distributionof star-forming regions between the types an explain their segregation.How is distributed the star formation?As input of the simulation we need to adopt a simple presription for theSF spatial distribution. We found that a good approximation is to assume120



5.6. ESTIMATE OF THE SN RATE.Galaxy Main nuleus % of FIR/MIR emissionESO148-IG002 South >80%ESO244-G012 North >50%ESO440-IG058IC1623A/B East >80%IC2810 Main 100%IC4687/6 Di�useIRAS16399-0937 North >90%IRAS18090+0130MCG-02-01-051/2 South >75%NGC0232NGC3110 Main 100%NGC5331NGC6240 South 80/90%NGC7130 Main 70%NGC7592 Main �NGC7674Table 5.3: Infrared luminosities distribution for paired galaxies. �Main nu-leus� refers to the dominant galaxy in the pair.that star formation is distributed as a power of LK : SFR ∝ LαK , where thavalue of α is hoosen to �t the observed spatial distribution. The �gure 5.6is the same reworking of the �gure of Soifer et al. (2001) that we introduedin the previous setion. In this ase we show that there is a lear di�erenebetween the distribution of the mid-infrared and near-infrared luminosity forthe galaxies of the types 1-2 and 3-4 (in �gure 5.6 we exlude from the plotgalaxies that departed from the general trend for a given type). For eahgalaxies of Soifer et al. (2001) we extrapolate the surfae mid/nir brightnessas a funtion of the radius, then we plot on the same �gure four di�erenturves orresponding to di�erent value of α: 1.25, 1.5, 1.75, 2.0. The valuethat best �ts the distribution of the mid-infrared is take as referene for thatgalaxy. In �gure 5.7 we show, as an example, these di�erent urves for somegalaxies of the di�erent types of the sample of Soifer et al. (2001), with theorresponding value of α for the best �t. In Table 5.4 are shown the valuesfor α for the di�erent types of galaxies.5.6 Estimate of the SN rate.Through MonteCarlo simulations we estimated the expeted SN rate, basedon ertain assumptions, in order to obtain a omparison with the observedrate. The main inputs have been disussed in the previous setion. Herewe ompare the expeted rate with the observed one for the referene ase,121



CHAPTER 5. EXPECTED SN RATE

Figure 5.6: The same plot of the �gure 5.4, top. In this ase we show thelear di�erene of the mid/nir luminosity distribution for the di�erent typesof galaxies. types α1 ∼ 2.02 ∼ 1.53 ∼ 1.254 ∼ 1.0Table 5.4: Di�erent values of α for the di�erent types of galaxies.where we used a series of referene values for the simulation. After that weinvestigate other ases, in whih, for example, we onsider a di�erent IMF,luminosity funtion, a di�erent range for the mass of the ore-ollpase pro-genitor, in order to analyse how the variation of these parameters in�uenethe �nal results.In table 5.5 are listed the values for the main parameters for the referenesimulation. We use the LTIR/SFR alibration from Kenniutt et al. (1998),and hene a Salpeter IMF. This imply that kCC = 0.00703. As disussedabove, we assume that the SFR is distributed as LαK where α has di�erentvalues for the di�erent types of galaxies and the extintion is saled to SFRwith a maximum values in the nuleus of about AV = 30 mag (Shioya 2001).Finally, we assumed that the ore-ollapse progenitor masses ranges from 8122



5.6. ESTIMATE OF THE SN RATE.

Figure 5.7: Curves of growth of 3 galaxies of the sample of Soifer et al. (2001).The red urves orrespond to the NIR-luminosity, the purple urves to theMIR-luminosity. The dotted lines represent theKα urves for di�erent valuesof α:1.2, 1.5, 1.7 2.0.to 50 M⊙. We onduted 500 MonteCarlo simulation, and, with the adoptedparameters and the measured searh detetion e�ieny, we predit, on av-erage, the disovery of 5.4±2.3 SNe in our searh, of whih 5.2±2.3 oreollapse and 0.2±0.4 Ia. The expeted number ompares very well with theobserved number. Indeed we found that the expeted number of SNe is ≤ to6 in 55% of the experiments. Even if we onsider only the SNe with spetro-sopi lassi�ation (4) their ourrene is signi�ant (22%). Therefore The�rst fundamental onlusion is that the number of expeted SNe is onsis-tent with the observations, so not on�rming the laim of previous infraredSN searh that estimated a number of expeted SNe higher than observed.In �gure 5.8 is shown the histogram of the number of deteted SNe out of500 MonteCarlo experiments. In grey, we evidene the area of the histogramwithin ±1σ from the average, showing that the number of observed SNe isonsistent with the number of expeted SNe.Besides the plain number, from the simulation we an also derive the distri-bution of the expeted properties of the SNe. In partiular, in �gure 5.9 weompare the expeted and observed (tab 5.6) K magnitude distribution ofSNe. In �gure 5.10 we show the predited extintion distribution. It turns123



CHAPTER 5. EXPECTED SN RATEReferene simulationLTIR/SFR alibration Kenniutt (1998)IMF SalpeterSFR ∝ Kα

α

merging: 2.0lose pair: 1.7pair: 1.25single: 1.0AV 30 mag (nuleus)CC masse range 8-50M⊙LF GaussianLight Curves From LOSS searhTable 5.5: Main inputs parameters with their values for the referene simu-lation.

Figure 5.8: Histogram of the number of deteted SNe out of 500 MonteCarloexperiments. The grey area represent the interval within 1σ.out that events the adopted parameters we do expet that most SNe havelow extintion. Also in this ase we have onsisteny with observations: thesupernovae that we have disovered are loated mainly in the outskirts of thehosts galaxies, and su�ers of little extintion. Finally, �gure 5.11 is showsthe radial distribution of the simulated SNe ompared to the distributionof the observed SNe out of 500 MonteCarlo simulations. We an see that124



5.6. ESTIMATE OF THE SN RATE.Table 5.6: Magntude of the deteted SNe.SN mag(K)PSN 2010 17.92010bt 16.12010gp 16.92010hp 17.22011ee 17.8PSN 2011 17.7
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Figure 5.9: Expeted K magnitude distribution of detetable SNe out of 500MonteCarlo experiments.toward the nulear regions the number of expeted (and observed) SNe de-reases rapidly to zero. As we will disuss later this is due to a ombinationof higher extintion and lower detetion e�ieny in the nulear regions.5.6.1 Tests of simulationTo understand how a di�erent hoie of the tests parameters in�uene theexpeted rate, we an perform di�erent MonteCarlo simulation varying, oneat a time, eah of the parameter. We an hange, for example, the value ofextintion, the ore ollapse mass range, the IMF or the magnitude limit.These are the main parameter but we an exeute di�erent tests also for theremaining inputs (e.g. the LF, the template light urves...).Expeted rate from LB. Our galaxies are all atively star forming, thentheir SN rate is higher then in normal galaxies. To verify this, we ompute the125
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Figure 5.10: Expeted AV distribution of detetable SNe.
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Figure 5.11: Comparison between the radial distirbution of simulated anddeteted SNe out of 500 MonteCarlo simulation.expeted rate from the B luminosity instead of the FIR luminosity. In thisase the expeted rate is 0.5±0.7
0.5 of whih 0.5±0.7

0.5 ore ollapse and 0.1±0.2
0.1Ia. Compared to the 6 SNe observed, this on�rm that we are detetingmore SNe than expeted from the B luminosity. We know that galaxies of126



5.6. ESTIMATE OF THE SN RATE.our sample have far infrared emission that is about 10 times the averageemisson. In this way we veri�ed that also the rate is about 10 times the av-erage rate of the normal galaxies. The hypothesis that the deteted numberof SNe is still ompatible with expetations an be rejeted at more than the90% on�dene level.E�et of di�erent AV and Mlim. One point that we need to stress isthat the SNe are not all the expeted SNe that explode in a galaxy of oursample in the searh period, but just those that we expet to be detetedgiven our instrument apabilities and searh strategy. To make the point weompute the expeted number of SNe assuming no extintion and adoptinga magnitude limit for detetion in the nulear regions that is the same asthe outskirsts (19.0). In this way we an have an estimate of the numberof SNe lost in our searh due to the ombined e�et of high extintion andlow magnitude limit in the innermost regions of starburst galaxies. The ex-peted rate with AV=0 and magnitude limit =19.0 throughout the galaxyis 13.4±3.7 of whih 12.8±3.6 ore ollapse and 0.6±0.7 Ia. If we omparethis value with that obtained in the referene ase we an onlude that 60%of the events remain hidden in the nulear regions due to a ombination ofhigh extintion and redued detetion e�ieny.As we see in the following by hanging separately the values of extintionand magnitude limit, we dedue that the magnitude limit has a greater in-�uene than the extintion on the value of the expeted rate.If the value of extintion is AV=0 (the magnitude limit is lower in the nulearregions if ompared to the outskirsts, as in the referene ase) the expetedrate is slightly higher: 6.3±2.4. Vieversa, if we onsider the same magnitudelimit of the outskirst at all galatoentri positions, with the referene value(30) for the extintion, we obtain the following rate: 9.1±3.0. If we omparethese value with the rate of the referene simulation we an say that aboutless than 40% of the number of missed SNe are lost due to extintion (∼0.9SNe) and about more than 60% are missed due to low magnitude limit (∼3.7SNe) in the nulear region. This implies that also for little variation of themagnitude limit the rate an hange signi�antly, while the hanges are mi-nor, even for substantial hanges in the value of the extintion. To on�rmthis, we an assume an extreme value for the maximum extintion, namelyAV =200. In this ase the number of expeted events is 4.0±2.0, about 40%then for the referene simulation. We an also test for variation of the extin-tion distribution inside the galaxy; for instane if we assume that extintionis saled with radial distane instead that SFR the rate is very similar to thereferene ase: 5.2±2.2 with a variation of only ∼2%. Moreover, instead of arandom gaussian distribution of the extintion around a mean value, we on-sider a �xed extintion for the given position we obtain 5.5±2.4. We onludethat varying the extintion distribution inside the galaxy the expeted ratehanges only of a few perent, while to obtain a signi�antly variation (40%)127



CHAPTER 5. EXPECTED SN RATEthe extintion should takes extremely high values (>200 mag). However, weunderline that only the ombined e�et of higher extintion and lower mag-nitude limit in the nulear regions give the orret number of hidden SNe,beause these two e�et, when onsidered individually, are not su�ient tojustify missing supernovae. Given that it is lear that even small error in theestimate of the Mlim have large e�ets in the expeted numbers is ruial toobtain an aurate estimate of the detetion e�ieny in partiular in thenulear region where the magnitude limit is brighter. This is why we spenta major e�ort in this diretion.Expeted rate from di�erent IMF and CC SN progenitor massrange. An important assumption of the simulation is the IMFs. However,how we will show below, beause of the IMF enters, both in the estimateof the number of SN progenitors and in the alibration of the luminosityvs. SFR relations, it turn out that the atual hoie has little e�et on theexpeted SN numbers.In the referene simulation we use a Salpeter IMF:
φ(m) ∝ m−αwith α = 2.35 for 0.1 < m < 100M⊙with ore ollapse mass range of 8-50 M⊙. In this ase kCC = 0.070. If weadopt a di�erent IMF as that of Kroupa, we must hange kCC in the SNR-SFR relation (kCC = 0.0105), but hange also the alibration of the relationbetween SFR and LTIR. If we use a Kroupa IMf, the saling onstant be-tween the new (Kroupa IMF) SFRs and those from Kenniutt 1998 (SalpeterIMF) is 0.86 (see Kenniutt et al. 2012). The number of expeted events is7.0±2.8. This imply that the IMF shape has little e�et on the expetedSNR (f. Horiuhi et al. (2011) and Melinder et al. (2012)).For an adopted IMF, there is still the hoie of the adopted mass range ofSN progenitors that take to di�erent values of kCC in Eq. 5.3. We onsiderfor this disussion only the referene ase of a Salpeter IMF. Changing thelower limit of the ore ollapse progenitor mass range from 8 to 10 M⊙ (10-50M⊙), the expeted SN number is 3.9±2.1 (∼30% lower than the expetedrate obtained in the referene ase). On the other hand, if we adopt a dif-ferent upper limit, for example 100 M⊙ instead of the standard value of 50M⊙ the expeted number: 5.7±2.4, is only ∼5% higher then the referenesimulation (5.4±2.3, table 5.7). That is, the rate is quite insensitive to theupper mass limit for M≥ 50 M⊙. Most important is instead the dependeneon the lower mass limit, with the produtivity dereasing by a fator of ≃ 0.7if MCC,l goes from 8 to 10 M⊙ for a Salpeter IMF (f. Greggio et al. (2001) ).Expeted rate from di�erent Luminosity Funtion. In the referene128



5.6. ESTIMATE OF THE SN RATE.simulation we use a gaussian SN absolute magnitude distribution for the lu-minosity funtion (LF), with average value and dispersion taken from Li etal 2011. To test the in�uene of our assumption we performed a simulationadopting the SN luminosity funtioned the loal Universe SN sample ol-leted by the LF from Bottiella et al. (2011, the so alled HUGS-LF. Withthis hoie the expeted rate is lower: 3.3±1.8. HUGS is a loal survey, within11 Mp and inlude about 20 objets (while the LOSS sample onsist of 101SNe). Horiuhi et al. (2011) (Horiuhi et al., 2011) says that faint CC SNe,that oupy the faintest end of the CC SNe LF, are very numerous enough inthe very loal (∼10 Mp) volume that their volumetri rates are as large asthe bright osmi SNR measured by LOSS at larger distanes. In partiular,the very loal 10 Mp volume shows the faint fration ould be as high as
∼50%. In fat we found that in this ase the expeted number is lower (3.3events) beause a higher fration of faint events fall below the detetion limit.Expeted rate from di�erent searh referene. Finally, we tested thee�et of using di�erent searh referene for light urves or ore ollapse sub-division. For the referene experiments we use data from LOSS searh [14℄.If we use data from the searh of Cappelaro, Evans and Turatto (1999) [8℄the rate is 6.1±2.5, only a few perent higher than the referene value. Intables 5.8 and 5.9 we listed the di�erent data (SN absolute magnitude anddispersion and the ore ollapse subdivision) for the two searh.Ia σ IIL σ IIP σ Ib σ IIn σCET99 -18.95 0.47 -17.05 0.53 -16.53 1.0 -17.11 0.95 -18.00 1.00LOSS -18.49 0.76 -17.44 0.64 -15.66 1.23 -16.09 1.24 -16.86 1.61Table 5.7: SN absolute magnitude for the di�erent referene searh.ksn[IIP℄ ksn[IIL℄ ksn[Ib℄ ksn[IIn℄CET99 A*0.80/2 A*0.80/2 A*.17 A*0.80*0.03LOSS A*0.635*0.698 A*0.635*(0.097+0.119) A*0.365 A*0.635*0.086Table 5.8: Core ollapse subdivision for the di�erent referene searh(A=ksn[CC℄).In table 5.10 are summarized the di�erent value of the expeted SN ratefor the di�erent ases analyzed in this hapter.
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CHAPTER 5. EXPECTED SN RATE

Input parameter Value Expeted SN rate
LTIR

IMF Salpeter 8-50 M⊙ 5.4±2.310-50 M⊙ 3.9±2.18-100 M⊙ 5.7±2.4Kroupa 8.1±2.9AV

30 5.4±2.30 6.3±2.4200 4.0±2.0radial 5.2±2.2�xed 5.5±2.4Magnitude limit radial 5.4±2.3�xed 19.0 9.1±3.025.0 45.5±6.512.0 0.0AV 0 13.4±3.7+Magnitude limit 19.0Referene searh LOSS 5.4±2.3CET99 6.1±2.5Luminosity Funtion Gaussian 5.4±2.3LOSS 5.9±2.4HUGS 3.3±1.8
LB 0.5±0.7Table 5.9: Summary of the di�erent value of the expeted SN rate out of 500MonteCarlo simulations for di�erent values of input parameters. In bold areshown values used in the referene simulation.
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Chapter 6Summary and ConlusionsAims of the workThe rate of Supernovae is a ruial quantity in astrophysis. SNe dominatethe hemial evolution of the universe and the dynamial properties of theISM, providing at least part of the feedbak needed to explain galaxy evolu-tion. In partiular, for an adopted SFR, measurements of the CC SN ratesgive information on the range of initial masses of their progenitors, as wellas on the slope of the IMF at the high mass end. The SN Ia rate in galaxiesundergoing strong SF an instead help to asses the relative importane ofthe prompt omponent. one of the main problems for measuring SN rateis related to the presene of dust that introdue a bias due to extintion.This is true in partiular in star forming systems, as SB galaxies, where dustobsuration is usually larger than in normal galaxies. At the same time, therole of SNe rate is espeially important in SB, where high FIR luminosityis a diret measure of their high SFR, that implies high SN rate. In par-tiular, a large fration of the massive star formation took plae in LIRGsand ULIRGs: this implies that most SNe in starburst galaxies are expetedto be ore ollapse events, with an expeted rate at least one or two ordersof magnitude larger than in normal galaxies. This seems in ontraditionwith the fat that very few SN have been disovered in SB galaxies. Mostof the past and urrent SN searhes are performed at optial wavelengths,where extintion is relatively high, so that we expet a detetion bias. Themissing SNe, while heavily obsured in the optial, are expeted to show upat longer wavelength. Some attempts of SN searhes in the IR were made,yielding the disovery of a few very obsured SNe. Although this is a step inthe right diretion, the number of deteted events remaines short of a fator3-10 with respet to expetations (Mannui et al. (2003) [29℄, Mattila et al.(2004) Mattila et al. (2004) ℄). The proposed explanation is that most of theSNe are so embedded into the dust that their luminosity is vastly reduedeven at near-IR wavelengths (likely AV > 30mag, as found in Mattila et al.(2007)[31℄). In this ase, a NIR searh detet only a fration of the atual SN131



CHAPTER 6. SUMMARY AND CONCLUSIONSexplosions, and a survey at longer wavelenght should also be planned (e.g.radio searhes). Another possibility is that if most of the FIR �ux omes fromthe entral arse, then the majority of the SNe are in the nulear regions,where the presene of the residuals after subtration, the problem of the spa-tial resolution of the instruments and the higher extintion in these regionsmake the disovery of the Sne very di�ult. A few groups have attempted toaddress this issue using the most advaned imaging systems, HST (Cresi etal. 2007 Cresi et al. (2007)) and telesopes with adaptive optis and LaserGuide Stars (eg. Mattila et al. 2007 Mattila et al. (2007), Kankare et al. 2008Kankare et al. (2008)). However, these are very expensive programs in termof telesope time whih, while ertainly valuable, they annot be performedsystematially.Another possibility is the presene of AGNs dominating the FIR �ux of mostof the galaxies: in this ase the FIR �ux would not be related to the SN rate(at the beginning of this hapter was remembered as LIRGs and expeiallyULIRGs an be haraterized by the presene of entral AGN).The possibility that the relation between SFR and FIR (and than the rela-tion between SFR-SNR) is inorret ould have fundamental impliation onthe study of the galaxy evolution. However, this is not a likely possibilityas there is a robust onordane among several di�erent methods and thisrelation has been stable through the years (e.g. Rieke et al. 1980).At the present day, unfortunately, the statistis is still very low allowfor de�nite onlusions. For this reason, we planned an alternative, omple-mentary approah, whih makes use of an exellent instrument as HAWK-Iat the ESO Very Large Telesope, but of less valuable observing time, e.g.non-optimal weather onditions. This projet started in 2008 and monitored30 starburst galaxies in K band for 3 years. First aim of the work is to verifywhether the observed SN rates in SB galaxies is onsistent with their SFR,the latter as dedued from the FIR luminosity.Survey strategy, galaxy sample and observationsWe perform a snapshot IR searh in a sample of 30 nearby starburst galaxiesusing HAWK-I�VLT. The searh is performed in K band, where the extin-tion is strongly redued ompared to optial band (AB = 10 mag orrespondsto AK = 0.8 mag only), in a sample of 30 nearby starburst galaxies.Given that the CC SN infrared light urves evolve relatively slowly (theyremains within 1 mag from maximum for 1-2 months) there is no need forfrequent visits: for eah target, visits are separeted by > 15 days. So, as-suming at least 3 visits per galaxy per semester we planned 100 visits perobserving period.Our searh is well suited as a �ller for the gaps in the sheduling of servieobserving for non-optimal sky onditions, poor seeing or non-photometri132



onditions.Spetrosopi on�rmation of SN andidates has been obtained with ISAAC�VLT(P83) and X-Shooter�VLT (P85/87) in ToO/GTO mode.From the IRAS Revised Bright Galaxy Sample [? ? ? ℄ we seleted a sam-ple of 30 SB galaxies with z < 0.07, FIR luminosity log(LFIR)) < 10.8and visible at ESO from April to Otober (see Table 4.1). The galaxiesof the sample are largely (90%)Luminous Infrared Galaxy (LIRGs, with
log(LFIR ≥ 1011L⊙), while the 3% (the most distant galaxies) belongs toULIRGs (with log(LFIR ≥ 1012L⊙).Most of the galaxies of the sample are single galaxies (about 60-70%), andthe remaining are double/interating galaxies or ontain double nuleus, signof a reent merger. In �gure 4.8 are shown the images of some galaxies ofthe sample analyzed in this work.The program has been alloated in three periods, 83, 85 and 87( betweenApril 2008 and Otober 2011) with ompletness exeution respetively of100% (P83) and 70% (P85 and 87) (Table 4.2). The �gure 4.9 represent theseeing distribution of all the observations. Despite the lak of observing on-straints, ∼87% of visits have seeing < 1.0�, with an average value of about0.6�.Data redution and SN sampleData redution of HAWK-I images is a very omplex proess due to the fatthat the detetor is a mosai. A ruial point is, in fat, building the imagefrom the four hips.After downloading images from the HAWK-I arhive, data analysis is per-formed integrating Gasgano and EsoRex(the ESO Reipe Exeution Tool)with ustom programs, onsisting of:� Pre-redution;� Building mosai images and re�ne astrometry;� Register images using WCS� Take di�erene of images with PSF math (ISIS[3, 2℄);� Arti�ial star experiment to test the limiting magnitude for SN dete-tion.In partiular, to measure the SN rate it is ruial to obtain an aurateestimate of the detetion e�ieny of the searh, through arti�ial star ex-periments. We searhed the arti�ial stars on the di�erene images obtainedwith the same pipeline and referene image used for the searh. The dete-tion e�ieny is strongly dependent on seeing, in partiular in the nulearregion, where the magnitude limit is lower.133



CHAPTER 6. SUMMARY AND CONCLUSIONSAt the end we olleted 6 SN andidates (2 CC SNe, 1 type I SN and 1 typeIa SN). In two ases we have obtained the disovery images (SN 2010hp andSN 2011ee), and lassi�ation spetra with X-shooter whilw in two ases itwas impossible to obtain a spetrosopi lassi�ation of the SN andidatedue to its faintness. We remark the fat that two SNe were �rst disoveredby others. This is not surprising given the relatively wide temporal sam-pling of our searh. Spetrosopi observations were obtained for four of theandidates (epoh, spetral and instruments are reported in Tab.4.5). Weanalyzed the available photometry performing a simultaneous omparison ofthe absolute luminosity and olor with that well observed SN templates withthe aim to derive an estimate of the epoh and magnitude at maximum anda onstraint on the extintion in the host galaxy. For the two SNe withoutuseful spetrosopy we used the photometry to assign the SN lassi�ation.Results are reported in Tab 4.6. All together we found one type Ia and �veore ollapse SNe.The expeted SN rate from MonteCarlo simulationBeause of the small number of deteted events it is not viable to derivediret statistial measurements of the rates of SNe in starburst galaxies.We use instead a MonteCarlo approah were we ompute the number andproperties of expeted events based on adopted physial parameters andsimulating the random hanes of explosion and detetion. By olleting of anumber of MonteCarlo experiments with the same input parameters we antest whether the observed events are within the expeted distribution. If notwe an vary the input parameters of the simulation and repeat the test untilwe found a satisfatory agreement.The MonteCarlo simulation tools was built using Python. Inputs of the sim-ulation are:� the sample galaxy atalog� data desribing the SN properties for eah of the onsidered SN types� details of the monitoring ampaign, in partiular the detetion limitfor eah observation as a funtion of the position of the transient insidethe parent galaxy� the adopted osmologial parameters: H0 = 72, ΩM = 0.3 and Ωλ =
0.7In addition there are a number of test parameters that are allowed to hangefor di�erent simulation runs. These are:� the number of SNe expeted from a given star formation episode.� the adopted absorption depth and distribution inside the parent galax-ies 134



� the adopted star formation distribution inside the parent galaxiesFor eah step of the simulation see the �rst setion of this hapter. ThroughMonteCarlo simulations we estimated the expeted SN rate, based on aboveassumptions, in order to obtain a omparison with the observed rate. Weompare the expeted rate with the observed one in partiular for the refer-ene ase, where we used a series of referene values for the simulation, thenwe investigate other ases, in whih, for example, we onsider a di�erent IMFor luminosity funtion, a di�erent range for the mass of the ore-ollpase pro-genitor, in order to analyse how the variation of these parameters in�uenethe �nal results. In table 5.5 are listed the values for the main inputs for thereferene simulation. We use the LTIR/SFR alibration from Kenniutt etal. (1998), and a Salpeter IMF. This imply that kCC = 0.00703. The SFRis distributed as LαK where α has di�erent values for the di�erent types ofgalaxies. We assumed that the extintion is saled to SFR with a maximumvalues in the nuleus of about AV = 30 mag (Shioya 2001). Finally, we as-sumed that the ore-ollapse progenitor masses ranges from 8 to 50 M⊙. Weonduted 500 MonteCarlo simulation, and, based on the searh details andabove assumptions, we should have expet the disovery of 5.4±2.3 SNe inour searh, of whih 5.2±2.3 ore ollapse and 0.2±0.4 Ia. We found thatthe expeted number of SNe is ≤ to 6 in 55% of the experiments. Even if weonsider only the SNe with spetrosopi lassi�ation (4) their ourreneis signi�ant (22%).Sienti� Results and ConlusionsThe main result is that the number of expeted SNe is onsistent with theobservations, not on�rming results of previous infrared SN searh that ob-tained a number of expeted SNe higher than observed. The omparison ofpredited and observed K magnitude extintion distribution shows that evenin a K-band searh we expeted to �nd mainly low extintion events. Theemphasis of our approah is an aurate estimate of the detetion e�ienyas a funtion of the SN position in the host galaxy and the determinationof the size and distribution of the star formation for eah galaxy of oursample. We show that the detetion e�ieny is strongly dependent on theseeing in partiular in the nulear regions where the magnitude limit is lower.This implies that is important to obtain also an aurate estimate of the starformation spatial distribution in order to have an estimate of the number ofSNe lost in the nulear regions.To understand how a di�erent hoie of the tests parameters an in�uenethe expeted rate, we varied eah of them and ompute the rate repeatingthe MonteCarlo simulation.If we ompute the expeted rate from the B luminosity instead of far-infrared, we obtain 0.5±0.7
0.5. This on�rm that galaxies of our sample haveabout 10 times the SFR than normal galaxies.135



CHAPTER 6. SUMMARY AND CONCLUSIONSTo understand the in�uene of AV and detetion e�ieny on the expetednumber of events, we onsider the ase of no extintion and same Mlim ofthe outskirsts (19.0) at all galatoentri position. We onlude that 60%of the events remain hidden in the nulear regions due to a ombination ofhigh extintion and redued detetion e�ieny, the latter having greaterin�uene on the value of the expeted rate. This imply that also for littlevariation of the magnitude limit the rate an hange signi�antly, while thehanges are minor even for substantial hanges in the value of the extin-tion. This on�rms that it is ruial to obtain the best possible estimate ofthe magnitude limit in partiular in the nulear region where the magnitudelimit is lower.Another important aspet is the hoie of the IMF and the ore ollapse pro-genitor mass range. The IMF shape has little e�et on the predited SNR.Varying the upper or the lower limit of the range we on�rmed that therate is quite insensitive to the upper mass limit for M≥ 50 M⊙ while mostimportant is instead the great dependene on the lower ut o� mass, the pro-dutivity dereasing by a fator of simeq 0.7 if MCC,l goes from 8 to 10 M⊙for a Salpeter IMF.The hoie of an appropriate SN luminosity funtion is important, but lessruial the other parameters. Finally, we tested the e�et of using di�erentsearh referene for light urves or ore ollapse subdivision (for examplefrom LOSS or CET99) but the di�erenes in the expeted rate are less than5%.State of art of SN searhes in Starburst GalaxiesA onlusion of the previous hapter is that 60% of the events remain hiddenin the nulear regions due to a ombination of high extintion and redueddetetion e�ieny. This imply that, to obtain a omplete rate for the star-burst galaxies, it is ruial to �nd the very nulear supernovae. A possibilityis to searh missing supernovae at longer wavelenght where extintion isstrongly redued, as Radio. The existene of hidden supernova fatory inthe nulei of LIRGs and ULIRGs has already been demontrated by highresolution radio observations. For example, VLBI observations of the nearbyULIRG Arp 220 have revealed luminous radio SNe within the innermost
∼150 p nulear regions at a rate indiating a SFR high enough to powerits entire IR luminosity (Lonsdale et al. 2006). However, not all CCSNe arelikely to beome luminous at radio wavelenghts, and therefore radio searhesfor SNe an only provide a lower limit for the real SN rates.Another possibility is the use of high spatial resolution for the detetion ofthe innermost nulear supernovae. This an be ahieved with spae-basedimaging (e.g., Cresi et al. 2007, olina et al. 2007), imaging from Antarvtia136



(Burton et al. 2005), or ground-based adaptive optis (AO) imaging provid-ing resolutions 5 times better than under typial natural seeing onditions.The potential of urrent 8 m lass telesopes equipped with AO was �rstlydemonstrated by the disovery of SN2004ip in the LIRG nulear regionsusing the NACO AO system with a natural guide star on the Very Largetelesope (Mattila et al. 2007). In this ase the supernova is a ore ol-lapse event su�ering from a host galaxy extintion of up to about 40 magin the V band. Kankare et al. (2008) on�rmed the disovery of a supernova(SN2008s) using the ALTAIR/NIRI adaptive optis system on the Gemini-North Telesope. SN2008s is the �rst SN disovered using laser guide staradaptive optis and is a ore-ollapse event su�ering from a very high hostgalaxy extintion of about 15.7 mag in the V-band. With the same instru-ment Kankare et al. (2010) reported the disovery of two other supernovae inthe very nulear regions of the galaxy IC 883: SN2010u, loated at only 180p, and SN2011hi, loated at 380 p from the nuleus. At the present day thestatistis is still very low, due to the fat that these programs are expensivein term of telesope time, and that, however, the advaned tehnique of LGSis available only at VLT. Then it is ruial to inrease the results using thevery high resolution of AO to detet very nulear supernovae, also in ase ofvery high extintion.The future of IR searhesThe next generation of large ground-based/spae telesopes, JWST, TMT,E-ELT, and GMT will allow spetrosopy of SNe up to redshift 3, and ex-tend studies to even higher redshifts also for ore ollapse SNe for whih theresults at redshift z & 0.5 are pratially nonexistent. These studies may atlast eluidate the progenitors of SNe Ia, enable studies of SN Ia evolutionover vast strethes of osmi time and allow us to trae the whole star for-mation history of the Universe.Ground-based surveys in the oming deade will detet thousands of TypeIa supernovae at redshift <1. However, a spae observatory is the only fea-sible route to obtaining ∼1000 high-preision light urves in the NIR thatis rest-frame V band, for z>0.8. At lower z the spae-based alibration andNIR data will enable lower systemati errors than an be ahieved from theground. Improved dark-energy onstraints from the SNIa Hubble diagramrequire substantial redution in systemati errors of SNIa distane moduli,that is 0.01 mag or less. They also bene�t from an extension to z>0.8 wherewe urrently have only a relative handful of events from HST.The Hubble spae telesope imaged the 320 square armin in two GOODS�elds. The SN rate of disovery was about 1 supernova at z>1 per epohimaged, equivalent to 10 SNe per square degree per epoh. With the ACS137



CHAPTER 6. SUMMARY AND CONCLUSIONSinstrument it is possible to reah AB magnitude of about 25. A similar depthwould be reahed in about 30s of exposure with JWST NIRCam. The su-pernova follow-up would inlude measuring the light urve and obtaining aspetrosopi on�rmation for the redshift. Given the importane of system-atis, reahing to higher redshift and observing the rest-frame near infraredare likely to be the major ontributions of JWST to the haraterization ofSNIa as distane indiators. With new generation of spae telesope we willable to ombine depth and wide �eld of view. For exaplme, the spae tele-sope Eulid projet will ondut a wide-area photometri survey of 20,000square degrees reahing galaxies out to z∼2, with slitless spetrosopy toobtain redshifts. There will also be a deeper survey of 40 square degrees.The telesope is 1.2m and there are a total of 680 mega-pixels of detetors.While with the urrent ombination of 8-metre-lass ground-based telesopesand the Hubble Spae Telesope, supernova searhes an reah around halfthe age of the Universe, infrared spetrosopy with the E-ELT ombinedwith imaging from the upoming James Webb Spae Telesope will allowus to extend the searh for supernovae to redshifts beyond 4, a look-baktime of nearly 90% of the age of the Universe. The E-ELT is an exellentinstrument, that will be able to study supernova explosions in extraordinarydetail. The use of Adaptive Optis will redue the �eld of view, making theuse more suitable for the follow up on single objet.Another exellent ground-based telesope is the Large Synopti Survey Tele-sope (LSST), with the aims to survey the entire visible sky every few days.It would be exellent at disovering SNIa. The main survey will obtain lighturves in 6 bands and photometri redshifts of about million Type Ia su-pernovae per year, and the rapid sampling 'mini-survey' of seleted areaswill yield well sampled light urves of tens of thousands of supernovae to alimiting redshift beyond one (leading to an independent test of dark energydynamis; Riess et al 2007).Conerning the IR, an exellent ground-based IR faility is the VISTA tele-sope, with a wide (∼ 1◦) �eld of view it an be used to searhes supernovaeat intermediate redshift, not only in atively star forming galaxies, but alsoin normal galaxies. We remember, in fat, that SN with very high redden-ing have been found also in normal galaxies. In this ase, sine SNe are notonentrated in the nulear regions as starburst galaxies, the wide �eld ofview of VISTA is very useful also to study the in�uene of di�erent galaxyinlination (and then di�erent extintion) on the SN rate.
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Appendix AThe galaxy sample
CGCG011-076This is an intermediate galaxy with bars (SAB(s)b), loated at about 102.4Mp (z=0.02). Belonging to the luminosity lass of LIRGs, is a IR objetwith logLFIR/L⊙ = 11.27. On this galaxy there are no works devoted inthe literature and are not supernovae exploded in the past. In �gure A.1 weshow the HAWK-I K-band image of this galaxy.

Figure A.1: HAWK-I K-band image of the galaxy CGCG011-076.145



APPENDIX A. THE GALAXY SAMPLECGCG043-099CGCG043-099 or VV 283 is a spiral galaxy loated at about 155 Mp (z ≃
0.04) that belong to the luminosity lass of LIRGs. Like many merging sys-tems, VV 283 is a very luminous infrared system, radiating logLFIR/L⊙ =
11.58. From �gure A.2 VV 283 looks like a single peuliar galaxy, but is infat a pair of merging galaxies. A tidal tail swirls out from a messy entral re-gion and splits into two branhes. The upward twisting branh is brightenedby luminous blue star knots.

Figure A.2: HAWK-I K-band image of the galaxy CGCG043-099.ESO148-IG002ESO 148-IG002 (A.3)is one of the most luminous infrared galaxies known(LIR ≃ 2.3 × 1012L⊙). The bulk of this radiation originates from a warmdust omponent heated by a burst of star formation. This galaxy onsist oftwo former dis galaxies in lose interation. Two nulei, separeted by 5 kpin projetion, dominate the entral region, from whih two arms emanate toa distane of 40 kp. Centered on the nuleus of one of galaxies, a �attenedsystem of ionized gas of relatively high ionization is found. The emission-linesoriginating in this region exhibit broad wings, extending towards the blue.The extension of these wings orresponds to a veloity di�erene of at least1500kms−1. the spetrum of the entral region is of moderate exitation andthe lines are broad, having widths typial of Seyfert 2 galaxies. The radialveloity of the ionized gas is about 300kms−1 lower than that of the stars.146



spetral features harateristi of Wolf-Rayet stars (predominantly of typeWN) are present over the whole entral region (Johansson & Bergvall, 1988).

Figure A.3: HAWK-I K-band image of the galaxy ESO 148-IG002. Is learlyvisibile the struture with two nulei.ESO239-IG002ESO 239-IG002 is a LIRGs with logLFIR/L⊙ = 11.75 loated at about 174Mp (z ≃ 0.043). this galaxy is most likely the result of a osmi ollision ora lengthy merger proess that will eventually result in an elliptial galaxy.The messy intermediate stage is a galaxy with long, tangled tidal tails thatenvelope the galaxy's ore (�g. A.4).ES244-G012ESO 244-G012 (A.5) is a luminous IR objet (LFIR > 1011L⊙)that presentsthe general appearane of a peuliar distorted galaxy. The most prominent147
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Figure A.4: HAWK-I K-band image of the galaxy ESO 239-IG002features of its entral body are two distint nulei separated by about 18�.The northern one shows tails/jets ; a long asymmetri tail or arm is learlyvisible up to about 40 kp from the enter of the main body. These hara-teristis are indiative of strong interations between galaxies or of ollidingor merger systems.Its far infrared olors learly indiate this objet as a starburst. IR �ux omesfrom dust heated as a onsequene of an intense star formation ativity. Thisativity is originated from moleular gas that generally is largely observedto be onentrated toward the enters. Consequently, although we primarilyassume that the IR �ux is mainly produed in the two nulei, the highestonentration of moleular gas found around the northern one indiates thatthe starburst harateristis dedued from IR data are in referene to thisnuleus. Among several possibilities this ould indiate that the southernomponent is relatively young or has retarded star formation, whereas thenorthern one is older with a onsiderable amount of gas available. Moreover,the starburst nature of the northern nuleus, observed in the optial range,is in agreement with the properties of ESO 244-G012 deteted in the farinfrared, and with the CO and radio observations (Agüero et al., 2000).ESO264-G036ESO264-G036 is a single-barred objet, loated at about 84 Mp (z ≃ 0.02).Is a luminous infrared galaxy with logLFIR/L⊙ = 11.24. Its starburst om-148



Figure A.5: HAWK-I K-band image of the galaxy ESO 244-G012. Is learlyvisibile the struture with two nulei.ponent de�ned in Rowan-Robinson & Crawford (1989) suggests a transitionase between starburst and non-starburst galaxies. The well-de�ned primarybar ends at ≃18� where a slight twist is observed due to the start of the spi-ral arms. In the inner region (within the innermost 2.5�), there is probablya star-forming region, lose to the bar ends (Greusard et al., 2000).ESO286-IG019ESO286-IG019 (A.7) is an exeptionally luminous soure of infrared radia-tion (LIR ∼ 1012L⊙), originating in warm dust heated by young stars. Thisgalaxy is the result of the merging of two disk galaxies. The galaxy has un-dergone an intense burst of star formation that ended about 8 Myr ago. Thetotal mass of the old stars in the galaxy is about 311M⊙, and the mass ofyoung stars formed in the reent starburst is about 8 × 109M⊙, or ∼ 2%of the total stellar mass. In addition to the stars, the galaxy also ontains149
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Figure A.6: HAWK-I K-band image of the galaxy ESO 264-G036a large amount of moleular hydrogen. The main soure of ionization forthe interstellar medium are photoionization from the young stars, in ombi-nation with interstellar shok originating from the star-forming region (e.g.supernova winds, Wolf-Rayet winds, et.).ESO286-IG019 shows only one nuleus. Emanating form the entral om-ponent are two tidal tails, one very prominent, extending to the south, andanother, muh shorter, extending to the northwest (Johansson, 1991).ESO440-IG058ESO440-IG58 or VV 835 is a pair of luminous galaxies (logLFIR/L⊙ =
11.33) loated at 6.6 Mp (z ∼ 0.02). In �gure A.8 we an see that thesouthern galaxy is the dominant member of the pairs. Using ATCA, Hillet al. (2001) found that southern galaxy ontains an extended radio emissionthat probably traes the star formation in the disk of the galaxy.ESO507-G070ESO507-G070 is an irregular nearby galaxy, loated at 94 Mp (z ∼ 0.2) be-longig to the luminosity lass of LIRGs (logLFIR/L⊙ = 11.44). ESO 507-70is an odd-looking galaxy that is probably the remnant of an earlier mergerproess. It is a haoti swirl of gas, dust and stars with no sign of the on-jetured original spiral or elliptial struture, now lost and distorted beyondreognition in a gravitational enounter with another galaxy (Fig. A.9).150



Figure A.7: HAWK-I K-band image of the galaxy ESO 286-IG019. Thisgalaxy have one entral nuleus, with two tidals tail emanating from thisentral omponent: one is very prominent, extending to the south.IC1623IC1623 (= VV114 = Arp 236), loated at a distane of 80 Mp, is an interat-ing systems undergoing vigorous starburst ativity. Its infrared luminosityis LIR = 1011.5L⊙ making it a LIRG and one of the brightest objets ofthe IRAS Bright Galaxy Sample. It appears to be an early-stage merger oftwo galaxies (see A.10) that are aligned east-west with a projeted nulearseparation of ∼6 kp and therefore referred in the literature as VV114E andVV114W. At optial wavelengths, VV114 shows a highly disturbed morphol-ogy with very faint tidal tails extending over 25 kp from the enter (Arp1966). The western omponent, VV114W, is more extended than the easternone, and dominates the emission in the visible. ((Knop et al., 1994)). VV114ontains a large amount of dust (Mdust = 1.2 × 108M⊙ ) distributed arossthe galaxy with a dust temperature , of 20-25 K. About half of the warmerdust traed in the mid- IR (MIR) is assoiated with VV 114E, where bothompat (nulear region) and extended emission are found ((Le Flo'h et al.,2002). The MIR spetrum also shows a sign of an AGN in VV 114E ((LeFlo'h et al., 2002)). Alonso-Herrero et al. (2002)((Alonso-Herrero et al.,2002)) deteted abundant Hii regions in VV 114E and in the overlap regionusing the narrowband Paa images. Soville et al. (2000) ((Soville et al.,2000)) imaged the near-IR (NIR) emission using the Near- Infrared Camera151
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Figure A.8: HAWK-I K-band image of the galaxy ESO 440-IG058. Are vis-ible the two omponent of this pair, in whih the southern member is thedominant one.and Multi-Objet Spetrometer on board the Hubble Spae Telesope andfound that the highly optially obsured VV 114E is the brighter of the twoin the NIR. Far-UV imaging using the Spae Telesope Imaging Spetro-graph found several hundred young star lusters in VV 114W, while no UVemission was found in VV 114E ((Goldader et al., 2002)), whih suggeststhat most of the ativity in VV 114E is obsured by dust and not visible inthe UV emission.IC2545IC2545 seems to be a single S-shaped objet (Fig. A.11) but is atually apair of merging galaxies loated at about 137 Mp (z ∼ 0.03) and veryluminous in the infrared (log(LFIR/L⊙) ∼ 11.66). The two ores of theparent galaxies in the entral region are not visible in our HAWK-I images.Other telltale markers for the ollision inlude two pronouned tidal armsof gas and stars �ung out from the entral region. The tidal arm urvingupwards and lokwise in the image ontains a number of blue star lusters.IC 2545 glows strongly in the infrared part of the spetrum, another signthat it is a pair of merging galaxies.152



Figure A.9: HAWK-I K-band image of the galaxy ESO 507-G070.

Figure A.10: HAWK-I K-band image of the galaxy IC 1623 (VGV 114). Arelearly visible two nulei with numerous other ompat regions where theemission in the NIR is important. 153
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Figure A.11: HAWK-I K-band image of the galaxy IC 2545, with the twovisible tidal arms of stars and gas �unging out from the entral region.IC2810IC 2810 is a disk galaxy viewed nearly edge-on. Is lassi�ed as LIRG with a
Log(LFIR/L⊙) ∼ 11.60 and is loated at about 141 Mp (z ∼ 0.034). In theNIR HAWK-I image (�g. A.12) the most prominent features are bars thatextend for about 8-8.5 kp to the northwest and southeast. The ontinuumimage shows a bright nuleus and a linearly extended disk; in ontrast, theHα image reveals a warped struture that is more distint on the south sideof the nuleus. The brightest Hα emission in the nuleus is extended by ∼ 3′′(∼2 kp) toward the north (Hattori et al., 2004). There is a small ompaniongalaxy (IC 2810b), whih is also edge-on ∼70� (∼48 kp) to the southeast.Compat Hα emission is deteted from the nuleus (Hattori et al., 2004).IC4687/6IC 4687 forms a triplet with two other galaxies: IC 4686, near IC 4687 (thegalaxy at the top) and IC 4689, the galaxy at the bottom of the �gure A.13.IC 4687 has a haoti body of stars, gas and dust and a large urly tail to154



Figure A.12: HAWK-I K-band image of the galaxy IC 2810. At about 48 kpto the southeast there is a small ompanion, IC 2810b.the left. The two ompanions are partially obsured by dark bands of dust.The interating triplet is 69.6 Mp away from Earth, in the onstellation ofPavo, the Peaok, at redshift of 0.017 and with log(LFIR/L⊙ ∼ 11.39)IRAS 12224-0624IRAS 12224-0624 is a single, nearby (∼108 Mp, z ∼ 0.02) and luminousinfrared galaxy (log(LFIR/L⊙ ∼ 11.30)). In �gure A.14 we an see the iso-lation of the objet, for the whih are not present partiular work in theliterature.IRAS 14378-3651Our HAWK-I image (Fig. A.15) show a group of isolated objets, loated atabout 276 Mp (z ∼ 0.068, is the most distant objet of our sample), and ex-eptionally luminous in the infrared (log(LFIR/L⊙ ∼ 12.08)) with a entralelliptial-like galaxy that has no remarkable features (see also Bushouse et al.(2002)). The HST images reveal that the main galaxy has multiple shells andan inner spiral pattern, along with a faint ompanion to the south. The en-ter of the main galaxy appears to have a single nuleus in both the optial155
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Figure A.13: K-band HAWK-I images of the galaxies triplet with IC 4687(top), I 4686 (in the middle) and I 4689 (bottom).and near-IR HST images. The nuleus in the H-band image is point-like,showing the instrumental di�ration spikes. The shells and inner arms arefaintly visible in the H-band image, as are two bright spots that appear inthe outer envelope.IRAS 16399-0937IRAS 16399-0937 onsists of a lose pairs of galaxy (Fig. A.16) with a separa-tion of only 3 kp, loated at about 112.6 Mp (z ∼ 0.03) with IR luminosity
log(LFIR/L⊙ ∼ 11.55). As in other lose pairs, in ontrast to near IR lu-minosity distribution, all or the main part of the mid-Ir emission is emittedfrom one nuleus in this double nulei system. In this ase the two nulei areof roughly the same size and luminosity in near-IR band, albeit most of themid-IR emission (>90%) originates only from one of the nulei in this asethe northern nuleus, (Haan et al., 2011)).156



Figure A.14: K-band HAWK-I images of the galaxy IRAS12224-0624IRAS 17207-0014IRAS 17207-0014 is the most luminous infrared objet of our sample withinfrared luminosity log(LFIR/L⊙ ∼ 12.42), loated at about 178 Mp (z ∼
0.04). From �g. A.17 it seems a single objet but his very high IR luminosityand the presene of several tidal features suggests that this galaxy is likelya remnant of a omplete merger.IRAS 18090+0130IRAS 18090+0130 onsist of two interating spiral galaxies (�g. A.18) lo-ated at 121 Mp (z ∼ 0.03) with high infrared luminosity (log(LFIR/L⊙ ∼
12.42)). The galaxy to the right displays a dim plume of luminosity thatextends to the left in the diretion of the seond spiral. Both galaxies arepartly obsured by dust lanes.MCG -02-01-051/2MCG -02-01-051/2 or Arp 256 (�gure A.19 is omposed of two galaxiesseparated by 54�. Arp 256 N (north) is an SB(s) galaxy, while Arp 256 S(south) is an SB(s)b galaxy. At redshift z = 0.027, their distane has been157
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Figure A.15: K-band HAWK-I images of the galaxy IRAS 14378-3651.alulated at 98.1 Mp, with a projeted nulear separation of 29 kp. The IRluminosity is ∼ 1011.2L⊙, but neither galaxy is known to have ative galatinuleus (AGN) ativity and both show HII region-like spetra. The relativelylarge separation between the galaxies in Arp 256 suggests that the systemis in an early phase of merging and thus is of interest as an observationalexample of a LIRG in the early stages of the formation proess (Chen et al.,2002).MCG-03-04-014MCG-03-04-014 is a single spiral galaxy loated at about 142 Mp (z ∼
0.035) with high infrared luminosity log(LIR/L⊙) ∼ 11.59. Despite in �g.A.20 seems to be a single objet without strong tidal features, it is possible,as suggests the high infrared luminosity, that is a remnant of merger or haveexperiened tidal interations in the past.NGC 34NGC 34 is a luminous infrared galaxy (LIRG) loated at 85.2 Mp, withan infrared luminosity of log(LIR/L⊙) ∼ 11.3, suggesting that both the158



Figure A.16: K-band HAWK-I images of the galaxy IRAS 16399-0937, inwhih are visible the two near nulei.starburst and the AGN ontribute signi�antly to it. The optial nulearspetrum of NGC 34 also shows signs of the presene of an AGN and star-burst. It appears omposite and exhibits a weak [OIII℄ emission line relativeto Hβ or Hα, plaing NGC 34 in a transition ategory of objets with nu-lear spetra between starburst and Seyfert 2. The galaxy features a single,very red nuleus, a main spheroid ontaining a prominent blue entral diskand muh outer �ne struture, and two linear tidal tails to the northeastand south of the main body reveal this to be a remnant of two merged diskgalaxies. In addition to these tails, there are other optial features typial ofa merger remnant: a single nuleus and an envelope that ontains dust lanes,ripples, fans, and jets of luminous matter. Also, there is a loud of luminousdebris to the northwest of the nuleus (NW loud), whose origin ould beeither remnant material from one of the progenitors or a ompanion (A.21).159
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Figure A.17: K-band HAWK-I images of the galaxy IRAS 17207-0014

Figure A.18: K-band HAWK-I images of the galaxy IRAS 18090+0130.160



Figure A.19: HAWK-I K-band image of the galaxy MCG -02-01-051/2, adouble interating galaxies in an early phase of merging.

Figure A.20: HAWK-I K-band image of the galaxy MCG-03-04-014.161
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Figure A.21: HAWK-I K-band image of the galaxy NGC 0034, haraterizedby a single nuleus and twolinear tidal tails.
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NGC 232Loated at about 91 Mp (z ∼ 0.02), NGC 232 is a luminous infrared barredspiral galaxy (log(LFIR/L⊙ ∼ 11.51)) with two ompanion (NGC 235 andPGC 2570, see �g. A.22) at about 30 kp. In the northern spiral arm ofthis galaxy exploded the type Ia SN 2006et, as indiated in the same �gure(obviously, the supernova is not visible but is only indiated the positionwhere this objet exploded). Hα image shows an Hα knot in between thetwo galaxies and is likely to be a result of the interation. The knot an notbe seen in R-band ontinuum images, indiating that it is either a regionof urrent star formation, or else (more probably) indiates the position ofshok-exited gas in the merging system (Dopita et al., 2002).

Figure A.22: HAWK-I K-band image of NGC 232, with two far ompanion:NGC 235 and PGC 2570. Is also indiated the position where the SN2006etexploded in September of 2006.NGC 3110This galaxy is paired with MCG -01-26-013 (�g. A.23, loated at about 69Mp (z ∼ 0.016), at a separation of 1.9'. Both the R-band ontinuum andHα images exhibit strong knots in the spiral arms of NGC 3110. The Hαemission in MCG -01-26-013, however, is onentrated toward its nuleus(Dopita et al., 2002). The IRAS soure has been assoiated with NGC 3110rather than its ompanion (Zink et al., 2000), with log(LFIR/L⊙ ∼ 11.29).163
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Figure A.23: HAWK-I K-band image of NGC 3110 with MCG -01-26-013.NGC 5010NGC 5010 is an intermediate (S0) galaxy (�g. A.24) and is the nearest galaxyof our sample. Is in fat loated at only 41 Mp (z ∼ 0.09) and, at the sametime, the least luminous with log(LFIR/L⊙ ∼ 10.84. This implies that thisgalaxy has the lowest SFR among our smple of galaxies, with only 11.79
M⊙yr

−1.NGC 5331NGC 5331 (A.25) is a pair of interating galaxies with their spiral armsbeginning to touh. There is a blue trail �owing to the right of the system.NGC 5331 is very bright in the infrared, with about a hundred thousandmillion times the luminosity of the Sun (log(LFIR/L⊙ ∼ 11.5)), plaing thisgalaxy among the LIRGs. It is loated in the onstellation Virgo, the Maiden,at about 137 Mp.NGC 6240Due to its proximity, NGC 6240 (A.26) (z ∼ 0.024,D ≃ 98Mpc) is oneof the brightest objets in the IRAS All-Sky Survey and was one of theearly identi�ed LIRGs with a total infrared luminosity of about 1011.7L⊙.Optial studies of NGC 6240 reveal a morphologially irregular galaxy withlear tidal extensions, two nulei and large dust lanes, strongly suggesting a164



Figure A.24: HAWK-I K-band image of NGC 5010merging system. The two galati nulei found in the entral region have aprojeted separation between 1�.5 and 1�.8 at X-ray and radio wavelengths,but the observed distane between the nulei depends on the wavelength atwhih they are observed, indiating large amounts of dust extintion in theenter of the galaxy.NGC 6926NGC 6926 is a spiral galaxy (�g. A.27), whih makes a pair with a dwarfelliptial NGC 6929 loated 4' east (not visible in �gure A.27, and is dis-turbed by the ompanion. This galaxy radiates luminous infrared emissionof LFIR ∼ 1.411.1L⊙, plaing this galaxy in the LIRGs lass. The distaneto the galaxy has been estimated to be 80 Mp (z = 0.02). The galaxy hasbeen lassi�ed into Seyfert 2 from optial spetrosopy.NGC 7130NGC 7130 (A.28), a nearby galaxy (∼ 64Mpc, z = 0.016) with high infraredluminosity (about 1011.2L⊙) is an example of a starburst/AGN ompositegalaxy, lassi�ed on the basis of optial emission line ratios as a normalSeyfert2 type. 165
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Figure A.25: HAWK-I K-band image of NGC 5331, a pair of interatingspiral galaxies.
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Figure A.26: HAWK-I K-band image of NGC 6240, in whih are leralyvisible the tidal extensions, and the two nulei in the box zoom in the right.

167



APPENDIX A. THE GALAXY SAMPLE

Figure A.27: HAWK-I K-band image of NGC 6926, a spiral galaxies withevident arms in the north and south diretion.
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The NGC 7130 K band shows an inner bar oriented at P.A.=0°not visibleat optial wavelengths. In the digital sky survey it an be seen that NGC7130 has two dwarf ompanion galaxies loated to the northwest at 50�(15.5 kp) and to the southwest at 30A� (9 kp). An Hα image shows twobright arms and irumnulear extended emission, but the [O III℄ image onlyshows emission onentrated in the nuleus. There is an extremely luminousinfrared soure, with a very ompat radio soure. NGC 7130 looks veryasymmetri, with a spiral arm to the northwest being more distorted andless organized than the arm to the southeast. This is probably related tothe presene of the dwarf ompanion galaxy loated to the northwest ofNGC 7130. There are also two spiral arm segments loated in the outer partof two dust lanes that run in the northsouth diretion toward the enter.These lanes ould be traing the leading edge of the near-IR bar. The innerstruture is boxy with the major axis aligned at P.A.=90°, perpendiular tothe near-IR bar (González Delgado et al., 1998).

Figure A.28: HAWK-I K-band image of NGC 7130, with a spiral arm tothe northwest being more distorted and less organized than the arm to thesoutheast. Is also visible a ompanion loated to the northwest of the galaxy.
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APPENDIX A. THE GALAXY SAMPLENGC 7592NG 7592, loated at about ∼ 100Mpc, z ∼ 0.024, is an infrared-luminous(LIR ∼ 1011.2L⊙) merger hosting a Seyfert 2 nuleus and two HII nulei(Rafanelli & Marziani, 1992). In optial broad-band images, the three brightnulei are arranged in a regular triangle with a length of the sides of ∼ 10′′.For onveniene, we use the following terms: NGC 7592 W, E, and S for thewestern, eastern, and southern parts of the system and NGC 7592 A, B, andC, respetively, for eah nuleus (�g. A.29). In these de�nitions, NGC 7592B is loated at 10.�9 east and 1.�6 south of NGC 7592 A, and NGC 7592 Cat 5.� 0 east and 11.�2 south. NGC 7592 W is lassi�ed as a Seyfert 2 galaxyand the nulei of NGC 7592 E and S are known to show HII region-likespetra. There are also several long tails around the main body; a northerntail extends from the north-west part of NGC 7592 W to the east, while aseond tail sweeps from NGC 7592 S to the west and a third tail extends tothe east from NGC 7592 E, and then urves downward (Hattori et al., 2002).

Figure A.29: HAWK-I K-band image of NGC 7592. The three nulei arelearly visible. For the name of the nulei see the text.170



NGC 7674NGC 7674 (Fig. A.30) is a type 2 Seyfert galaxy at a distane of about 115Mp whih is lassi�ed as Sb pe.This galaxy has an infrared luminosity of LIR ∼ 1011.22L⊙.It is the brightestmember of the well-isolated Hikson 96 (H96) ompat galaxy group, whihonsists of four interating galaxies with a mean helioentri veloity of 8760
kms−1 and a low veloity dispersion (σV ∼ 160kms−1). The two largestmembers in this group, NGC 7674 (H96a) and NGC 7675 (H96b), are sep-arated by a projeted distane of 2'.2. The observed features in NGC 7674,as revealed in optial images, an be aounted for by tidal interations withits ompanion galaxies in the group (Momjian et al., 2003).

Figure A.30: HAWK-I K-band image of Hikinson ompat group 96. Thebrighest member of the group is the starburst galaxy NGC 7674 .
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