
Massive Star Formation:The Power of InterferometryHenrik BeutherMax Plank Institute for AstronomyKönigstuhl 17, 69117 Heidelberg, Germanybeuther�mpia.deAbstratThis artile presents reent work to onstrain the physial and hemialproperties in high-mass star formation based largely on interferometrihigh-spatial-resolution ontinuum and spetral line studies at (sub)mmwavelengths. After outlining the onepts, potential observational tests,a proposed evolutionary sequene and di�erent possible de�nitions formassive protostars, four partiular topis are highlighted: (a) What arethe physial onditions at the onset of massive star formation? (b)What are the harateristis of potential massive aretion disks andwhat do they tell us about massive star formation in general? () Howdo massive lumps fragment, and what does it imply to high-mass starformation? (d) What do we learn from imaging spetral line surveyswith respet to the hemistry itself as well as for utilizing moleules astools for astrophysial investigations?1 IntrodutionStar formation is a key proess in the universe, shaping the struture of en-tire galaxies and determining the route to planet formation. In partiular,the formation of massive stars impats the dynamial, thermal and hemialstruture of the interstellar medium (ISM), and it is almost the only mode ofstar formation observable in extragalati systems. During their early forma-tion, massive star-forming regions injet energy to the ISM via their out�owsand jets, then during their main sequene evolution, the intense uv-radiationof the massive stars heats up their environment, and at the very end of theirlife, Supernovae stir up the ISM by their strong explosions. Furthermore,massive stars are the radles of the heavy elements. Hene, life as we knowit today would not exist if massive stars had not formed �rst the heavy el-ements in their interiors via nuleosynthesis. In addition to this, almost allstars form in lusters, and within the lusters massive stars dominate theoverall luminosities. Isolated low-mass star formation is the exeption, andisolated high-mass star formation likely does not existConepts: In spite of their importane, many physial proesses duringthe formation of massive stars are not well understood. While there exists aparadigm for low-mass star formation on whih large parts of the sienti�1



ommunity agree (e.g., Andre et al. 2000; MKee & Ostriker 2007), this isless the ase for high-mass star formation (e.g., Beuther et al. 2007a; Zin-neker & Yorke 2007). The oneptional problem is based on the fat thatat least in spherial symmetry the radiation pressure of a entrally ignitedstar ≥8M⊙ would be large enough to stop any further gas infall and heneinhibit the formation of more massive objets. Over the last deade, twoshools have been followed to solve this problem: (a) The turbulent aretionsenario, whih is largely an enhanement of the low-mass star formation se-nario, forms massive stars in a turbulent ore with high aretion rates anda geometry inluding aretion disks and moleular out�ows (e.g., Yorke &Sonnhalter 2002; MKee & Tan 2003; Krumholz et al. 2007b; Keto 2007). Inontrast to that, (b) the ompetitive aretion senario relies on the lusteredmode of massive star formation. In this senario, the aretion rates are de-termined by the whole luster potential, and those soures sitting losest tothe potential well will ompetitively arete most of the mass (e.g., Bonnellet al. 2004, 2007).Potential observational tests: How an we observationally disriminatebetween the di�erent senarios? For example, the turbulent aretion se-nario predits qualitatively similar out�ow and disk properties as known forlow-mass stars, however, with quantitatively enhaned parameters like thearetion rates, out�ow energies, or disk sizes. In ontrast to that, modelingof the proto-luster evolution in the ompetitive aretion senario indiatesextremely dynami movements of all luster-members throughout their wholeevolution. It is unlikely that in suh a dynami environment ollimated out-�ows or large disks ould survive at all. Another di�erene between bothsenarios is based on their early fragmentation preditions. While the turbu-lent aretion senario draws their initial gas lumps from (gravo-)turbulentlyfragmented louds (e.g., Padoan & Nordlund 2002) and these gas lumps donot fragment afterwards muh anymore, the ompetitive aretion senariopredits that the initial gas lumps fragment down to many lumps all ofthe order a Jeans-mass (∼0.5M⊙). Hene, while in the former senario, theInitial Mass Funtion (IMF) is determined during the early loud fragmenta-tion proesses, the latter models predit that the IMF only develops duringthe ongoing luster formation. Therefore, studying the initial fragmentationand the early ore mass funtions an give insights in the atual massive starformation proesses.Evolutionary sequene: Independent of the formation senario, there hasto be an evolutionary sequene in whih the proesses take plae. For this re-view, I will follow the evolutionary sequene outlined by Beuther et al. (2007a):Massive star-forming regions start as High-Mass Starless Cores (HMSCs), i.e.,these are massive gas ores of the order a few 100 to a few 1000M⊙ withoutany embedded protostars yet. In the next stage we have High-Mass ores withembedded low- to intermediate-mass protostars below 8M⊙, whih have notstarted hydrogen burning yet. During that evolutionary phase, their lumi-nosity should still be dominated by aretion luminosity. Following that, theso alled High-Mass Protostellar Objets (HMPOs) are still massive gas ores2



but now they ontain embedded massive protostars >8M⊙ that have startedhydrogen burning whih soon dominates the total luminosity of the soures.Hot Moleular Cores (HMCs) and hyperompat Hii regions (HCHiis) arepart of that lass. The last evolutionary stage then ontains the �nal starsthat have stopped areting. While most ultraompat Hii regions (UCHiis)are likely part of the latter group, some of them may still be in the aretionphase and ould then hene still harbor HMPOs.De�nitions of a massive protostar: Another debate in massive star for-mation enters around the exat de�nition of a "massive protostar". If onefollowed the low-mass de�nition whih basially means that a protostars is anobjet that derives most of its luminosity from aretion, then "massive pro-tostars" should not exist or only during a very short period of time beause assoon as they are termed "massive" (>8M⊙), their luminosity is quikly dom-inated by hydrogen burning. In this senario, during the ongoing formationproesses, one would then need to talk about "areting stars". This approahis for example outlined by Zinneker & Yorke (2007). A di�erent de�nitionfor "massive protostars" is advoated, e.g., reently by Beuther et al. (2007a):In this piture, a protostar is de�ned in the sense that eah massive objetthat is still in its aretion phase is alled a "massive protostar", independentof the dominating soure of luminosity. This de�nition follows more loselythe usual terminology of "proto", meaning objets that are not �nished yet.Observational hallenges: Whatever physial or hemial proesses we areinterested in massive star formation, one faes severe observational hallengesbeause of the lustered mode of massive star formation and the on averagelarge distanes of a few kiloparse. Therefore, high spatial resolution is aprerequisite for any suh study. Furthermore, the early stages of massive starformation are haraterized by on average old gas and dust temperatureswhih are best observed at (sub)mm wavelength. Hene, most observationspresented in the following are based on (sub)mm interferometer observationsof young massive star-forming regions at di�erent evolutionary stages.The main body of this artile is divided into four setions dealing �rst withthe initial onditions that are present prior to or at the onset of massive starformation. The next two setions deal with our urrent knowledge about theproperties of potential massive aretion disks and the fragmentation behaviorof massive gas lumps and ores. The following setion will then outline thestatus and future possibilities of astrohemial investigations. Finally, I tryto sketh the diretions where urrent and future answers to the questionsraised in the Abstrat may lead to.2 The earliest stages of massive star formationWhat are the initial onditions of massive star formation? Until a few yearsago, to address this question observationally in a statistial sense was lose toimpossible beause we had no means to identify large samples of soures priorto or at the onset of massive star formation. The situation has hanged sig-3



ni�antly sine the advent of the spae-based near- and mid-infrared missionsthat surveyed the Galati plane starting with ISO and MSX, and now on-duted with muh better sensitivity and spatial resolution by Spitzer. Thesemissions have revealed more than 104 Infrared Dark Clouds (IRDCs), whihare old moleular louds that are identi�ed as shadows against the Galatibakground (e.g., Egan et al. 1998; Carey et al. 2000; Simon et al. 2006).These louds are haraterized by on average old temperatures (∼15K),large masses (a few 100 to a few 1000M⊙) and average densities of the order
104−105 m−1 (e.g., Rathborne et al. 2005; Sridharan et al. 2005; Pillai et al.2006a). Although these louds appear as dark shadows, they may be starlessbut they an also harbor embedded forming protostars. In fat, a statistialanalysis of the perentage of starless IRDCs versus IRDCs with embeddedprotostars will be an important step to understand the time-sales importantfor the earliest evolutionary stages. Currently, the statistial database of indepth IRDC studies is still insu�ient for suh an estimate (e.g., Rathborneet al. 2005, 2006; Pillai et al. 2006b; Beuther & Steinaker 2007; Motte et al.2007), however, it is interesting to note that until now no starless IRDC hasbeen unambiguously identi�ed in the literature, all detailed studies revealedembedded star formation proesses. To �rst order, this triggers the inter-pretation/speulation that the high-mass starless ore phase is likely to beextremely shortlived. Future investigations of larger samples will answer thisquestion more thoroughly.In a reent spetral line study of a sample of 43 IRDCs (Fig. 1), Beuther& Sridharan (2007) deteted SiO(2�1) emission from 18 soures. Assumingthat SiO is produed solely through sputtering from dust grains, and that thissample is representative for IRDCs in general, it indiates that at least 40% ofthe IRDCs have ongoing out�ow ativity. Sine the non-detetion of SiO doesnot imply no out�ow ativity, this number is a lower limit, and even a higherperentage of soures may harbor already ongoing star formation. The rangeof observed SiO line-widths down to zero intensity varied between 2.2 and65 km s−1. While inlination e�ets and embedded objets of di�erent massould aount for some of the di�erenes, suh e�ets are unlikely ausingthe whole veloity spread. Therefore, Beuther & Sridharan (2007) speulatewhether the varying SiO line-widths are also indiators of their evolutionarystage with the smallest line-width lose after the onset of star formation a-tivity. In the same study, Beuther & Sridharan (2007) observed CH3OH andCH3CN. While CH3CN was deteted only toward six soures, CH3OH wasfound in approximately 40% of the sample. The derived olumn densitiesare low of the order 10−10 with respet to H2. These values are onsistentwith hemial models of the earliest evolutionary stages of high-mass star for-mation (e.g., Nomura & Millar 2004), and the CH3OH abundanes omparewell to reently reported values for low-mass starless ores (e.g., Tafalla et al.2006).Zooming into seleted regions in more detail, we studied one partiularlyinteresting IRDC at high angular resolution with the Plateau de Bure Interfer-ometer and the Spitzer Spae Telesope (IRDC18223-3, see Fig. 1 right panel;4



Figure 1: Sample IRDCs from Sridharan et al. (2005): MSX A-band (8µm) images(blak is bright) with 1.2mm emission ontours: The �rst two numbers refer to theorresponding IRAS soure and the third number labels the mm sub-soures. The�ve-pointed stars mark ores laking good 1.2 mm measurements.Beuther et al. 2005a; Beuther & Steinaker 2007). Combining the Spitzer mid-infrared data between 3 and 8µm with the 3.2mm long-wavelengths obser-vations from the Plateau de Bure Interferometer (PdBI), we did not �nd anymid-infrared ounterpart to the massive gas ore deteted at 3.2mm (Fig. 2,Beuther et al. 2005a). However, we did detet three faint 4.5µm features atthe edge of the entral 3.2mm ontinuum ore. Sine emission features thatour only in the 4.5µm but no other Spitzer band are usually attributedto shoked H2 emission from moleular out�ows (e.g., Noriega-Crespo et al.2004), we onluded that the region likely hosts a very young protostar thatdrives a moleular out�ow but that is still too deeply embedded by to bedeteted by the Spitzer IRAC bands. This interpretation found further sup-port by line-wing emission in older CO and CS data. Based on the inferredentral soure, we predited that the region should have a strongly rising spe-tral energy distribution (SED) and hene be deteted at longer wavelengths.5



As soon as the MIPSGAL mid- to far-infrared survey with Spitzer beameavailable, we then ould identify the entral soure at 24 and 70µm (Fig. 2,Beuther & Steinaker 2007). Combing the available mid-/far-infrared datawith the long-wavelengths observations in the mm regime, it is possible to�t the SED with a two omponent model: one old omponent (∼15K and
∼576M⊙) that ontains most of the mass and luminosity, and one warmeromponent (∼51K and ∼0.01M⊙) to explain the 24µm data. The integratedluminosity of ∼177L⊙ an be used to onstrain additional parameters of theembedded protostar from the turbulent ore aretion model for massive starformation (MKee & Tan 2003). Following the simulations by Krumholz et al.(2007b), the data of IRDC18223-3 are onsistent with a massive gas ore har-boring a low-mass protostellar seed of still less than half a solar mass withhigh aretion rates of the order 10−4M⊙yr−1 and an age below 1000 yrs. Inthe framework of this model, the embedded protostar is destined to beome amassive star at the end of its formation proesses. While this interpretation isattrative, it is not unambiguous, and espeially the derived time-sale fromthis model appears short when omparing with reent out�ow data that willbe presented in the following setion (�3.1).

Figure 2: IRDC18223-3 images at di�erent wavelengths from Beuther & Steinaker(2007). The olor sales show Spitzer images at various wavelength, and the ontoursshow the 93GHz (3.2mm) ontinuum emission observed with the PdBI (Beutheret al. 2005a). The left panel presents a three-olor omposite with blue 3.6µm,green 4.5 µm and red 8.0 µm (adapted from Beuther et al. 2005a). The inlay zoomsinto the entral ore region. The middle and right panel show the Spitzer 24 and70µm images, respetively. The irles in eah panel present the Spitzer beam sizesand the ellipse in the left panel presents the PdBI 3.2mm ontinuum synthesizedbeam. A size-ruler is also shown in the left panel.In summary, these observations indiate that the physial and hemialonditions at the onset of low- and high-mass star formation do not di�ersigni�antly (exept for largely di�erent initial loud lump masses and a-retion rates), and that the time-sale for massive bound gas lumps to remain6



starless is likely relatively short.3 Massive aretion disks?As mentioned in the Introdution, moleular out�ows and aretion disks anbe used to disriminate between the di�erent formation senarios for massivestars. Massive out�ows have been subjet to intense studies for more thana deade (e.g., Shepherd & Churhwell 1996; Beuther et al. 2002b; Zhanget al. 2005; Are et al. 2007), and although there is onsiderable disussionabout the details, we �nd a growing onsensus that massive moleular out-�ows are ubiquitous in high-mass star formation, and that ollimated jet-likeout�ows do exist for massive soures as well, at least during the very earlyevolutionary stages (Beuther & Shepherd 2005). The ollimation of the out-�ows is likely to widen with ongoing evolution. Nevertheless, these data areonsistent with the turbulent ore model for massive star formation, whereasthey are less easy to reonile with the ompetitive aretion model beausethe latter is so dynami that ollimated strutures likely ould not survivevery long. Furthermore, the existene of ollimated out�ows an only be ex-plained by magneto-hydrodynami aeleration of the jet from an underlyingaretion disk. Hene, there is ample indiret evidene for massive aretiondisks, however, the physial haraterization of disks in massive star forma-tion is still laking largely the observational basis (Cesaroni et al. 2007). Thetwo main reasons for this are that the expeted massive aretion disks arestill deeply embedded within their natal ores ompliating the di�erentia-tion of the disk emission from the ambient ore, and that the lustered modeof massive star formation ombined with the large average distanes of thetargets makes spatially resolving strutures of the order 1000AU a di�ultobservational task. In spite of these di�ulties, the advent of broad spetralbandpasses allowing us to study several spetral lines simultaneously, as wellas the improved spatial resolution of existing and forthoming interferometershave inreased the number of disk studies over the last few years. For a reentreview see Cesaroni et al. (2007).Here, I will show three di�erent examples of disk and/or rotation andi-dates in an evolutionary sense: It starts with a rotation and out�ow investiga-tion of the previously disussed IRDC18223-3 (�2), then I will present reentdata from the high-mass disk andidate in the HMPO IRAS18089-1732, and�nally observations from a massive disk andidate at a more evolved evolu-tionary stage will be disussed.3.1 Rotation in IRDCs: the ase of IRDC18223-3As a follow-up of the Infrared Dark Cloud study of IRDC18233-3 disussed in�2, Fallsheer et al. (in prep.) observed the same region with the SubmillimeterArray (SMA) in several spetral setups around 230 and 280GHz overingout�ow as well as dense gas traers. Figure 3 shows a ompilation of the7



CO(2�1) data, one CH3OH line and the dust ontinuum emission. The blue-and red-shifted CO(2�1) emission learly identi�es at least one large-saleout�ow in the north-west south-east diretion. This is onsistent with twoof the 4.5µm emission features at the edge of the ore (Fig. 2, left paneland inlay). There is another ollimated red-shifted feature to the south-westorresponding to the third 4.5µm feature, however, we do not identify a blueounterpart and refrain from further interpretation of that feature. Sine we�nd for the main north-west south-east out�ow blue- and red-shifted emissionon both sides of the ontinuum peak, the orientation of the out�ow should belose to the plane of the sky (see, e.g., models by Cabrit & Bertout 1990), andhene the assumed underlying perpendiular rotating struture lose to edge-on. Following the approah outlined in Beuther et al. (2002b), the out�owmass and out�ow rate are 13M⊙ and 3.5 × 10−4M⊙yr−1, respetively. Withthe above derived ore mass of ∼576M⊙ (�2), this soure �ts well into theorrelation between out�ow rate and ore mass previously derived for HMPOs(Fig. 7 in Beuther et al. 2002b).

Figure 3: SMA observations toward IRDC18223-3 (Fallsheer et al. in prep.). Theleft panel shows the blue- and red-shifted CO(2�1) emission as solid and dashedontours overlaid on the grey-sale 1.3mm dust ontinuum emission. The entralore is the same soure as in Fig. 2. The right panel presents in grey-sale a 1stmoment map (intensity weighted veloity distribution) of CH3OH overlaid with the1.1mm ontinuum emission. The empty and full irle are the synthesized beamsof the line and ontinuum emission, respetively.While the out�ow rate is onsistent with the aretion rate previouslyderived from the SED (�2), disrepanies arise with respet to the age of thesystem. Although dynamial timesales are highly unertain (e.g., Parkeret al. 1991), the size of the moleular out�ow ombined with a low inlinationangle allows for at least a timesale estimate for the out�ow of the ordera few 104 yrs, well in exess of the value ≤ 103 yrs previously derived fromthe SED applied to models (�2). Notwithstanding the large errors betweenthe di�erent estimates, the disrepany of more than an order of magnitudeappears real. How an we explain that? There is no lear answer to that yet,8



but a possibility is that the orientation of the disk-out�ow system with thedisk lose to edge-on absorbs a large amount of �ux distorting the SED on theWien-side. If that were the ase, the SED-estimated age ould underestimatethe age of the system. Another possibility to solve the disrepany is thatthe initial start of high-mass star formation may proeed slower, i.e., the �rstlow-mass protostar(s) (destined to beome massive or not?) form within themassive ores, and they already start driving out�ows, but at that stage itis impossible to detet them in the near- to far-infrared beause of the largeextintion. In this piture at some point the high-mass star formation proesswould need to aelerate beause otherwise the massive stars annot form inthe short time-sales of a few 105 yrs (e.g., MKee & Tan 2002). It is notlear why the whole proess should start slow and what ould trigger suhaeleration later-on. Obviously, more theoretial and observational work isrequired to explain the di�erent time-sales in more detail.Figure 3 (right panel) zooms into the entral ore and shows dust ontin-uum emission as well as the veloity struture of the dense entral gas observedin CH3OH(60,1 − 50,1) with a lower level exitation level of Elow = 34.8K.Interestingly, both the ontinuum and the spetral line emission are elongatedin the north-east south-west diretion perpendiular to the main moleularout�ow. While the ontinuum emission shows three resolved emission fea-tures, CH3OH exhibits a smooth veloity gradient aross the soure spanningapproximately 3 km s−1. The CH3OH line-width FWHM toward the ontin-uum peak is 2.1 km s−1. The blue-redshifted features in the north-west arelikely part of the moleular out�ow and one sees even a slight elongation of theontinuum emission in that diretion. While CH3OH is a well-known shoktraer and hene regularly found within moleular out�ows (e.g., Bahilleret al. 2001), it is more of a surprise that we �nd it in an elongated stru-ture likely assoiated with rotation and infall perpendiular to the out�ow.The extent of this struture is large with ∼6.5′′ orresponding to more than20000AU at the given distane of 3.7 kp. Although we have no methanolisotopologue in the setup to exatly determine the opaity of the line, a low-energy transition like this is likely to be optially thik. Hene, we are traingsome of the outer rotating strutures, probably orresponding to a larger salerotating and potentially infalling/inspiralling toroid (e.g., Cesaroni et al. 2005;Keto 2007). The small veloity spread aross the struture as well as the rel-atively narrow CH3OH line-width toward the ore enter are also onsistentwith traing outer strutures beause due to momentum onservation rotatingstrutures should have lower veloities further out.Notwithstanding that we do not exatly know the age of IRDC18223-3,its non-detetion up to 8µm puts it at an early evolutionary phase prior tothe better studied HMPOs and Hot Moleular Cores. Our data learly showthat even at suh early stages moleular out�ows and rotating struturesperpendiular to that have been developed, and it is likely that loser towardthe ore enter, one will �nd a real aretion disk. To investigate the latter inmore detail, higher angular resolution observations of an optially thin densegas traer are required. 9



3.2 The HMPO disk andidate IRAS18089-1732As a more evolved massive disk andidate, we have studied intensely overthe last few years the HMPO IRAS18089-1732. This soure at a distane of3.6 kp with a luminosity of 104.5 L⊙ is part of a large sample of HMPOs, ithosts H2O and Class ii CH3OH maser and has strong moleular line emissionindiative of en embedded Hot Moleular Core (Sridharan et al. 2002; Beutheret al. 2002a). During early SMA observations Beuther et al. (2004,a, 2005)identi�ed in SiO a moleular out�ow in the north-south diretion, and perpen-diular to that in HCOOCH3 a veloity gradient on sales of a few 1000AU.Although these data were indiative of rotation and an underlying massivearetion disk, the observations did not allow us to haraterize the struturein more detail beause of a lak of spatial resolution. Therefore, we observedIRAS 18089-1732 now in high-energy transitions of NH3 at 1.2 m wavelengthwith the VLA and the ATCA at a spatial resolution of 0.4′′ (Beuther & Walsh2008). These NH3(4,4) and (5,5) lines have a two-fold advantage: Their highexitation levels (> 200K) ensure that we are traing the warm inner regionsand are less onfused by the surrounding old envelope, whereas the m wave-lengths regime is less a�eted by high optial depth of the dust emission inhigh olumn density regions and may hene be partiularly well suited formassive disk studies (e.g. Krumholz et al. 2007a). Figure 4 presents an in-tegrated image and a 1st moment map (intensity weighted veloity) of theorresponding VLA observations.

Figure 4: The left panel shows the VLA NH3(5,5) emission integrated from 31to 37 kms−1 (Beuther & Walsh 2008). The right panel presents the orresponding1st moment map ontoured from 31.5 to 36.5 kms−1 (step 1 kms−1). The white-blak dashed ontours show the 1.2 m ontinuum emission. The asterisks mark theposition of the submm ontinuum peak (Beuther et al. 2005), and the synthesizedbeams are shown at the bottom-left (grey NH3 and dashed 1.2 m emission).10



The 1st moment map on�rms the previously assessed veloity gradientin east-west diretion perpendiular to the moleular out�ow. The NH3 line-width FWHM toward the entral ore is 4.7 km s−1, signi�antly broader thanthat of IRDC18223-3 (�3.1). In the simple piture of equilibrium betweengravitational and entrifugal fore, the rotationally bound mass would be
∼37M⊙, of the same order as the whole gas mass as well as the mass ofthe entral soure (of the order 15M⊙). Furthermore, the position-veloitydiagram is not onsistent with Keplerian rotation. It even shows indiationsof super-Keplerian motion, whih is expeted for very massive disks wherethe rotation pro�le is not only determined by the mass of the entral objetbut also by the disk itself (e.g., Krumholz et al. 2007b). Hene, the newVLA and ATCA data learly on�rm the previous assessment of rotationperpendiular to the out�ow/jet, however, the kinemati signatures of thatrotating struture are not onsistent with a Keplerian disk like in low-massstar formation, but they show additional features whih an be produedby massive self-gravitating disks as well as by infalling gas that may settleeventually on the disk. In addition to this, the detetion of the high-exitationlines in the rotating material indiates high average gas temperatures >100Kfor the disk-like strutures, well in exess of typial gas temperatures in low-mass disks of the order 30K (e.g., Piétu et al. 2007). Moreover, we detetdouble-lobe m ontinuum emission lose to the ore enter where the twolobes are oriented in north-south diretion parallel to the out�ow identi�ed inSiO. With respet to previous data at longer wavelength, we �nd a spetralindex at m wavelength of 1.9, onsistent with an optially thik jet (Reynolds1986).It will be interesting to further zoom into the innermost regions withfuture instruments like ALMA and eVLA to asses whether the quantitativedeviations from typial low-mass aretion disks ontinue down to the smallestsales, or whether we will �nd Keplerian disk strutures as known from theirlow-mass ounterparts.3.3 A more evolved massive disk andidate?Moving along in the evolutionary sequene, we have reently identi�ed a po-tential disk around a more evolved andidate young stellar objet (Quanz etal. in prep.). The soure labeled so far md1 (massive disk andidate) wasidenti�ed serendipitously during a near-infrared wide-�eld imaging ampaignon Calar Alto via its K-band one-like nebulosity and a entral dark lane(Fig. 5). First single-dish bolometer and spetral line measurements revealeda 1.2mm �ux of 12mJy and a veloity of rest of ∼51 km s−1. The latter valueindiates a kinemati distane of ∼5 kp, onsistent with distanes of a fewUCHii regions in the surrounding neighborhood. To investigate this objetin more detail, we reently observed it with the SMA at 1.3mm wavelengthmainly in the mm ontinuum and the 12CO/C18O spetral line emission. Fig-ure 5 presents an overlay of the SMA data with the K-band nebulosity, anda few points need to be stressed: 11



Figure 5: The grey-sale in both panels shows the K-band near-infrared nebulosityobserved for this massive evolved disk andidate (Quanz et al. in prep.). The on-tours are the orresponding SMA mm observations where the left panel shows the1.3mm ontinuum emission, and the right panel in blak and white ontours theblue-shifted 12CO(2�1) and the integrated C18O(2�1) emission, respetively.(a) Although spatially unresolved with a synthesized beam of ∼ 4.0′′ the1.3mm ontinuum peak exatly oinides with the infrared dark lane onsis-tent with the large olumn densities of the proposed disk-like struture. The�ux measured with the SMA is 12mJy like the previous single-dish measure-ments. This indiates that we have no surrounding dust/gas envelope butrather an isolated entral struture. Assuming optially thin dust emissionat 50K, the approximate gas mass of the entral struture is ∼5M⊙. (b) Wedetet blue-shifted CO(2�1) spatially well orrelated with the K-band nebu-losity north of the dark lane. This on�rms the initial interpretation of thatfeature to be due to an out�ow. () The integrated C18O(2�1) emission iselongated perpendiular to the out�ow observed in CO and K-band ontin-uum emission. The line-width FWHM of the C18O emission is narrow with
∼0.8 km s−1, however, the spatial extent of this struture is large, of the order
2 × 104AU.While the low gas mass and the missing more massive gas envelope ould beinterpreted in the framework of a low-mass soure, suh large disk-struturesas indiated by the C18O emission are not known from typial low-mass disksoures (e.g., Simon et al. 2000). Therefore, these observations an also beinterpreted as a remnant disk/torus around an intermediate to high-mass(proto)star that has already dispersed muh of its envelope. Although C18Ois deteted only in two hannels, these show a lear veloity shift, and thesmall line-width may be due to the lower rotational motions on large sales12



assuming momentum onservation in rotating, potentially Keplerian stru-tures.Synthesizing the three example soures shown here, it is interesting tonote that the line-widths are small in the youngest and the supposed to beoldest soure, whereas they are large in the HMPO whih should be in itsmain aretion phase. In an evolutionary piture this an be interpreted thatat early evolutionary stages infall, turbulene and rotation are not yet thatvigorous. Then in the main aretion phase, infall, rotation and out�ow pro-esses strongly inrease the line-width. And �nally, when the aretion stops,the envelope and disk slowly disperse and one observes only a remnant stru-ture with small line-width in the outer regions. This senario is speulative,however, the number of disk andidates is steadily inreasing, and sine westart sampling more evolutionary stages, we are getting the hane to addressdisk evolution questions in high-mass star formation as well.4 Fragmentation in high-mass star formationHow massive gas lumps fragment is one of the key questions if one wantsto understand the formation of the Initial Mass Funtion, and as outlinedin �1, the two main massive star formation theories predit di�erenes in theearly fragmentation proesses. In the following I will present several examplesof fragmenting massive ores addressing issues about fragmentation on theluster-sale, fragmentation of smaller groups, potential proto-trapezia, andthe determination of density strutures of sub-soures within evolving lusters.4.1 Resolving the massive proto-luster IRAS19410+2336To address fragmentation proesses at early evolutionary stages high angu-lar resolution at (sub)mm wavelengths is the tool of hoie to resolve therelevant substrutures. Beuther & Shilke (2004) resolved the young mas-sive star-forming region IRAS 19410+2336 (distane ∼2.1 kp and luminosity
∼104 L⊙) at 1.3mm wavelength with the PdBI at approximately 2000AU lin-ear resolution into 24 sub-soures. Although from a statistial point of viewsuh numbers annot ompete with the lusters exeeding 100 or even 1000stars observed at optial and near-infrared wavelength, this is still one of theprime examples of a spatially resolved massive proto-luster. Assuming thatall emission features are due to old dust emission from embedded protostars,they were able to derive a ore-mass funtion. With a power-law slope of-2.5, this ore mass funtion is onsistent with the Salpeter IMF slope of -2.35(Salpeter 1955). Therefore, Beuther & Shilke (2004) interpreted these obser-vations as support for the turbulent fragmentation put forth by, e.g., Padoan& Nordlund (2002).A few aveats need to be kept in mind: While Beuther & Shilke (2004)assumed a uniform gas temperature for all sub-soures, it is more likely that13



the entral peaks are warmer than those further outside. This issue an beaddressed by spetral line emission with temperature sensitive moleules (e.g.,H2CO) whih is an ongoing projet by Rodon et al. (in prep.). Furthermore,the assumption that all mm ontinuum peaks are of pro- or pre-stellar natureis not neessarily always valid, e.g., Gueth et al. (2003) or Beuther et al.(2004b) have shown that mm ontinuum emission an partly also be aused byollimated jets. However, only the entral soure is deteted at m wavelengthand ollimated jets should be detetable at m wavelengths as well. Therefore,we believe that jets should not a�et the analysis muh.Independent of the aveats, it is surprising that IRAS 19410+2336 is stillthe only young massive star-forming region that is resolved in >10 sub-souresin the mm ontinuum emission. While this an be explained to some de-gree by the exeptionally good uv-overage obtained for the given observa-tions, whih results in a good sampling of spatial strutures, we also need toonsider whether di�erent modes of fragmentation may exist. Similar high-spatial-resolution studies of more proto-lusters spanning a broad range ofluminosities are required to takle this question in more detail. Another in-teresting question is assoiated with the spatial �ltering of interferometers andthe orresponding large-sale emission: Many interferometri (sub)mm on-tinuum studies of massive star-forming regions �lter out of the order 90% ofthe �ux, hene, large amounts of the gas are distributed on larger sales, usu-ally > 10′′. The question remains whether this gas will eventually partiipatein the star formation proess or not?4.2 Fragmentation of potential proto-trapezia4.2.1 The enigmati proto-trapezium W3-IRS5The W3-IRS5 region is one of the prototypial high-mass star-forming regionswith ∼ 105 L⊙ at a distane of ∼1.8 kp that shows fragmentation on salesof the order 1000AU observed at near-infrared as well as m wavelengths(Megeath et al. 2005; van der Tak et al. 2005). However, not muh wasknown about the old dust and gas emission. Therefore, we observed theregion with the PdBI at 1.3 and 3.5mm wavelengths with the new extendedbaselines resulting in an unpreedented spatial resolution of ∼ 0.37′′ (Rodonet al. in prep.). Figure 6 shows a ompilation of the 1.3mm ontinuum dataand the SiO(5�4) and SO2(222,20 −−221,21) spetral line emission.The mm ontinuum emission resolves the W3-IRS5 region into �ve sub-soures, where four of them are oinident with near-infrared and m emissionpeaks. Three of the soures are lustered in a very small projeted volumeof only ∼2000AU. With this high spatial resolution we �nd extremely largeaverage olumn densities of the order a few times 1024 m−2 whih orrespondsto visual extintions Av between 5×103 and 104 averaged over the beam size.Suh extintions should be far too large to allow any detetion at near-infraredwavelengths, nevertheless, near-infrared ounterparts are deteted (Megeathet al. 2005). This onundrum an likely be explained by the detetion of14



Figure 6: PdBI observations of the W3-IRS5 system from Rodon et al. (in prep.).The left panel shows the 1.3mm ontinuum emission, and the stars mark near-infrared soures from Megeath et al. (2005). The middle panel presents as solid anddotted ontours the blue- and red-shifted SiO(5�4) emission overlaid on the grey-sale 1.3mm ontinuum emission. The right panel �nally shows the 1st momentmap of SO2(222,20 −−221,21 in grey-sale with the 1.3mm ontinuum ontours.several SiO out�ows in the �eld. In partiular, we �nd very ompat blue-and red-shifted SiO emission toward the two main mm peaks, where the blue-and red-shifted emission is barely spatially separated (Fig. 6 middle panel).Sine the overall time-sale of the W3-IRS5 out�ow system is relatively large(of the order a few times 104 yrs, Ridge & Moore 2001), these ompat featuresare unlikely from very young out�ows, but they indiate that the out�ows areoriented almost along the line of sight. The opening ones of the out�owsare the likely ause that emission from lose to the protostars an esape theregion and hene make them detetable at near-infrared wavelengths.The right panel of Fig. 6 shows the 1st moment map of SO2 (intensityweighted veloities) whih enompasses the mm ontinuum peaks. The o-herent veloity �eld over the sub-soures is a strong indiator that the systemis a bound struture and not some unbound hane alignment within the�eld (e.g., Launhardt 2004). In addition to the general veloity gradient fromthe south-east to the north-west, one tentatively identi�es veloity gradientsaross the two strongest mm ontinuum peaks. Sine we do not know theexat orientation of the out�ows with respet to the SO2 rotation axis, itis not yet possible to identify these strutures with disk-like omponents asin �3. Future observations in di�erent traers may help to shed more lighton the rotational struture assoiated with eah sub-soure. It should alsobe noted that the line-width FWHM toward the mm ontinuum peaks variesbetween 6.2 and 7 km s−1 larger than those reported in �3. While the largerline-width ompared with the IRDC and the more evolved soure may beexplained by the evolutionary sequene skethed at the end of �3, the larger15



FWHM ompared to the HMPO may have di�erent reasons, among themare the larger luminosity of W3-IRS5, its multipliity ompared with the sofar unresolved soure IRAS 18089-1732, and also the moleular speies, be-ause SO2 should be more a�eted by shoks than the NH3 line used for theIRAS 18089-1732 study. In addition to this, the SO2 moment map exhibits aveloity disontinuity with a veloity jump of the order 4 km s−1 south-east ofthe mm ontinuum peaks. What is the ause of this disontinuity, is it asso-iated with the original ore formation and a shok within onverging �ows,or is it of di�erent origin?In summary, the ombination of high-spatial-resolution observations of theontinuum emission in addition to out�ow and dense gas traers allows us toharaterize many physial properties of this proto-trapezium system withrespet to its multiple omponents and their out�ow and rotation properties.
4.2.2 Fragmentation of the hot ore G29The hot ore G29.96 loated right next to a well-known ometary Hii re-gion omprises another example of several protostellar submm ontinuumsoures within the innermost enter of a high-mass star forming region (dis-tane ∼6 kp, luminosity 9 × 104 L⊙). High-spatial resolution observationswith the SMA in its most extended on�guration yielded a spatial resolutionof 0.36′′ × 0.25′′ in the submm ontinuum at ∼348GHz, orresponding to alinear resolution of 2000AU (Fig. 7, Beuther et al. 2007, the line data willbe disussed in �5.1). The Hot Moleular Core previously identi�ed in a high-exitation NH3 line (Cesaroni et al. 1998) is resolved by these new data intofour sub-soures within a projeted diameter of ∼6900AU. Assuming that theemission peaks are of protostellar nature, Beuther et al. (2007) estimated aprotostellar density of ∼ 2 × 105 protostars/p−3. This is onsidered a lowerlimit sine we are limited by spatial resolution, sensitivity and projetione�ets. Nevertheless, suh a protostellar density is about an order of magni-tude higher than values usually reported for star-forming regions (e.g., Lada& Lada 2003). Although this value is still about an order of magnitude lowerthan protostellar densities that would be required in the merging senario formassive stars (e.g., Bonnell et al. 2004; Bally & Zinneker 2005), it is interest-ing to note that inreasingly higher protostellar densities are reported whengoing to younger soures and better angular resolution (see also Megeath et al.2005). This allows us to speulate whether future observations with betterspatial resolution and sensitivity toward extremely massive star-forming re-gions will reveal protostellar densities that may be su�ient to make mergerspossible. While suh a detetion would not be a proof for mergers to exist,it will ertainly be important to verify whether the required initial onditionsdo exist at all. 16



Figure 7: Compilation of data toward the UCHii/hot ore region G29.96 fromBeuther et al. 2007. The dashed ontours present the ometary UCHii regionswhereas the full ontours show the older NH3 observation from the hot ore (Cesaroniet al. 1994). The grey-sale with ontours then present the new high-resolution(0.36′′
× 0.25′′) submm ontinuum data from the SMA.4.3 Density struture of sub-soures � IRAS05358+3543As a �nal example for the potential of (sub)mm ontinuum studies, I presentthe reent multi-wavelength investigation of the HMPO IRAS05358+3543.This region at a distane of 1.8 kp with a luminosity of 103.8 L⊙ was observedin a ombined e�ort with the PdBI and the SMA at arseond resolution infour wavelength bands (3.1 and 1.2mm, and 875 and 438µm, Beuther et al.2007b; Leurini et al. 2007). While many details about the sub-struture ofthe forming luster an be derived, here, I will disuss only two results.Based on the multi-wavelength data, Beuther et al. (2007b) �tted thespetral energy distribution on the Rayleigh-Jeans side of the spetrum (Fig.8). While the main soure an well be �tted by a typial protostellar spetrumonsisting of free-free emission at long wavelength and a steep �ux inrease atshorter wavelength due to the dust emission, another sub-soure did not �tat all into that piture. In partiular the shortest wavelength data-point at438µm shows signi�antly lower �uxes than expeted for a typial protostar.The most likely explanation for this e�et is that we are dealing with a veryold soure and that therefore we are already approahing the peak of thespetral energy distribution. The data allowed us to estimate an upper limitfor the dust temperature of ≤ 20K. Sine we are also not deteting any other17



line emission from this ore (mainly from typial hot ore moleules, Leuriniet al. 2007), it may well be a starless ore right in the viinity of an alreadymore evolved massive protostar. Further investigations of this sub-soure intypial old gas traers like N2H+ or NH3 are required to test this proposal.Independent of whether this soure harbors an embedded protostar or not,these observations show the importane of short wavelength data at highspatial resolution if one wants to di�erentiate between ritial ore parameterslike the dust temperature.

Figure 8: The left panel presents the SED toward the oldest sub-soure inIRAS05358+3543 (Beuther et al. 2007b). The parameters of the �ts are markedin the �gure. The right panel shows intensities averaged in uv-annuli and plottedversus the baseline-length for di�erent sub-soures and wavelengths. Most an bewell �tted by power-law distributions.Another physial parameter whih has so far not been observationallyonstrained for massive star formation, is the density pro�le of individualsub-soures. While density pro�les of low-mass star-forming ores have wellbeen haraterized (e.g., Motte et al. 1998;Ward-Thompson et al. 1999; Andreet al. 2000), in high-mass star formation, density pro�les were until now onlyderived with single-dish observation overing sales of the whole luster butnot individual sub-soures (e.g., Beuther et al. 2002a; Mueller et al. 2002;Hathell & van der Tak 2003). This is partly due to the tehnial problem ofinterferometer observations that �lter out large amounts of the �ux and henemake density pro�le determinations from their images extremely unreliable.To overome this problem, Beuther et al. (2007b) analyzed the data diretlyin the uv-domain prior to any fourier transformation. Figure 8 shows theorresponding plots of the observed intensities versus the uv-distane for three18



sub-soures in three wavelengths bands, respetively. The observations annotbe �tted with Gaussian distributions, but muh better �ts are ahieved withpower-law distributions. These power-laws in the uv-domain an diretlybe onverted to the orresponding power-laws of the intensity pro�les in theimage plane. Assuming furthermore a temperature distribution T ∝ r−0.4we an now infer the density pro�les of individual sub-soures of the evolvingluster. The derived density pro�les ρ ∝ r−p have power-law indies p between1.5 and 2. Although this result is similar to the density pro�les previouslydetermined for low-mass ores, to our knowledge this is the �rst time that theyhave been observationally onstrained for resolved sub-soures in a massivestar-forming region. The density struture is an important input parameterfor any model of star formation (e.g., MKee & Tan 2003).5 Astrohemistry5.1 Toward a hemial evolutionary sequeneAstrohemistry is a ontinuously growing �eld in astronomy. Although line-survey style studies of di�erent soures have existed for quite some time (e.g.,Blake et al. 1987; Shilke et al. 1997), these studies had usually been per-formed with single-dish instruments averaging the hemial properties overthe whole luster-forming regions. Sine the advent of broadband reeiversat interferometers like the SMA, it is now also possible to perform imagingspetral line surveys that allow us to spatially di�erentiate whih moleulesare present in whih part of the targeted regions, for example, the spatialdi�erentiation between nitrogen- and oxygen-bearing moleules in Orion-KL(e.g., Blake et al. 1996; Beuther et al. 2005b). In addition to the spatialanalysis of individual regions, we are also interested in analyzing how thehemistry evolves in an evolutionary sense. As an early step in this diretionwe synthesized SMA observations that were observed in the same spetralsetup around 862µm toward four massive star-forming regions over the lastfew years (Beuther et al. subm.). These four regions omprise a range ofluminosities between 103.8 L⊙ and 105 L⊙, and they over di�erent evolution-ary stages from young High-Mass Protostellar Objets (HMPOs) to typialHot Moleular Cores (HMCs): Orion-KL: HMC, L ∼ 105 L⊙, D ∼ 0.45 kp(Beuther et al. 2005b); G29.96: HMC, L ∼ 9 × 104 L⊙, D ∼ 6 kp (Beutheret al. 2007); IRAS 23151, HMPO, L ∼ 105 L⊙, D ∼ 5.7 kp (Beuther et al.2007d); IRAS 05358: HMPO, L ∼ 103.8 L⊙, D ∼ 1.8 kp (Beuther et al.2007b; Leurini et al. 2007). Smoothing all datasets to the same linear spatialresolution of 5700AU, we are now apable to start omparing these di�erentregions. Figure 9 presents typial spetra extrated toward the HMC G29.96and the HMPO IRAS23151.A detailed omparison between the four soures is given in a forthomingpaper (Beuther et al. subm.), here we just outline a few di�erenes in a qual-itative manner. 19



Figure 9: SMA spetra extrated toward two massive star-forming regions (G29.96top row & IRAS23151+5912 bottom row, Beuther et al., subm.). The spetralresolution in all spetra is 2 km/s. The left and right olumn show the lower andupper sideband data, respetively.
• The HMCs show far more moleular lines than the HMPOs. Orion-KL andG29.96 appear similar indiating that the nature of the two soures is likelyto be omparable as well. Regarding the two HMPOs, the higher luminos-ity one (IRAS 23151) shows still more lines than the lower-luminosity soure(IRAS 05358). Sine IRAS 05358 is approximately three times loser to usthan IRAS 23151, this is not a sensitivity issue but it is likely due to the dif-ferent luminosity objets forming at the ore enters.
• The ground-state CH3OH lines are deteted toward all four soures. How-ever, the vibrational-torsional exited CH3OH are only strongly deteted to-ward the HMCs Orion-KL and G29.96. Independent of the luminosity, theHMPOs exhibit only one CH3OH vt = 1 line, whih an easily be explainedby the lower average temperatures of the HMPOs.
• A more subtle di�erene an be diserned by omparing the SO2 andthe HN13C/CH3CH2CN line blend near 348.35GHz (in the upper sideband).While the SO2 line is found toward all four soures, the HN13C/CH3CH2CNline blend is strongly deteted toward the HMCs, but it is not found towardthe HMPOs. In the framework of warming up HMCs, this indiates thatnitrogen-bearing moleules are either released from the grains only at highertemperatures, or they are daughter moleules whih need some time duringthe warm-up phase to be produed in gas-phase hemial networks. In bothases, suh moleules are not expeted to be found muh prior to the forma-tion of a detetable HMC.
• Comparing the spatial distribution of di�erent moleules, we �nd, e.g., thatC34S is observed mainly at the ore edges and not toward the submm on-20



tinuum peak positions. This di�erene an be explained by temperature-seletive desorption and suessive gas-phase hemistry reations: CS desorbsearly from the grains at temperatures of a few 10K and should peak duringthe earliest evolutionary phases toward the main ontinuum soures. Sub-sequently when the ore warms up to ∼100K, H2O desorbs and dissoiatesto OH. The OH then quikly reats with the sulphur to form SO and SO2whih should then peak toward the main ontinuum soures. This is whatwe observe in our data. The fat that the C34S peaks are o�set from thesubmm ontinuum ondensations even toward the younger soures is due totheir evolutionary stage where they have already heated up their entral re-gions to more than 100K. Even younger soures are required to on�rm thissenario.5.2 C2H as a traer of the earliest evolutionary stages?In an e�ort to study a larger soure sample with respet to its hemial evo-lution, we observed 21 massive star-forming regions overing all evolutionarystages from IRDCs via HMPOs/hot ores to UCHii with the APEX tele-sope at submm wavelengths (Beuther et al. subm.). While most spetrallines were deteted mainly toward the HMPO/hot ore soures, the ethynylmoleule C2H is omni-present toward all regions. To get an idea about thespatial struture of ethynyl, we went bak to an older SMA data-set targetingthe HMPO IRAS18089-1732 at the same frequeny around 349.4GHz of theC2H line (Beuther et al. 2005). Beause we were not able to image the spatialdistribution of C2H at that time, we now restrited the data to only the om-pat on�guration allowing us to better image the larger-sale distributionof the gas. Figure 10 presents the resulting moleular line map, and we �ndthat C2H is distributed in a shell-like fashion around the entral protostellarondensation. Comparing this with all other imaged moleules in the originalpaper, only C2H exhibits this behavior. To better understand this e�et, weran a set of hemial models in 1D for a loud of 1200M⊙, a density power-law
ρ ∝ r−1.5 and di�erent temperature distributions T ∝ rq. A snapshot of thesemodels after an evolutionary time of 5×104 yrs is presented in Figure 10. Themodels reprodue well the entral C2H gap in IRAS 18089-1732 whih shouldhave approximately the same age.While these models reprodue the observations, they give also preditionshow the C2H emission should look like at di�erent evolutionary times. In par-tiular, C2H forms quikly early on, also at the ore enter. Sine not manymoleules exist whih do not freeze out and are available to investigate theold early phases of massive star formation (valuable exeptions are, e.g., NH3or N2H+), the detetion of C2H toward the whole sample in ombination withthe hemial models triggers the predition that C2H may well be an exellentmoleule to investigate the physial onditions of (massive) star-forming re-gions at very early evolutionary stages. High-spatial-resolution observationsof IRDCs are neessary to investigate this potentially powerful astrophysialtool in more detail. 21



Figure 10: The left panel presents in grey-sale the C2H emission and in thik solidontours the orresponding submm ontinuum from the SMA toward the HMPOIRAS18089-1732 (Beuther et al., subm.). The right panel shows a hemial modelexplaining the dereased emission toward the ore enter after approximately 5 ×

104 yrs. The parameter q denotes the temperature power-law index, and the Tvalues refer to the temperature at the ore edge or to isothermal values (q = 0).5.3 Employing moleules as astrophysial toolsWhile the hemial evolution of massive star-forming regions is interesting initself, one also wants to use the di�erent harateristis of moleular lines totrae various physial proesses. In ontrast to moleules like SiO and COthat are well-known out�ow/jet traers, the task gets more di�ult searhingfor suitable aretion disk traers. Investigating our sample and disk laimsin the literature, one �nds that in many ases exlusively one or the othermoleule allows the investigation of rotational motion, whereas most othermoleular lines remain without lear signatures. For example, the HN13Cline disussed above (�5.1) traes rotation in the hot ore G29.96 but it isnot even detetable in younger soures. The other way around, C34S traeddisk rotation in the young HMPO IRAS20126 (Cesaroni et al. 2005), but notanymore toward more evolved soures (�5.1). These di�erenes imply thatone will unlikely �nd a uniquely well suited moleular line allowing the studyof large samples of massive aretion disks, but that one has to selet for eahsoure or soure lass the suitable moleule for detailed investigations.In the following, I give a short table with moleules and their potentialusefulness to study di�erent physial proesses. This table (1) is restrited tomoleules with spetral lines at m/(sub)mm wavelengths and does not laimany kind of ompleteness, it should just serve as a rough overview and it onlylists the main isotopologues of eah speies.22



OH Zeeman e�et, magneti �elds, maser signpost of starformationCO General loud struture, out�owsSiO Shoks due to jets/out�owsCO+ Far-UV radiation from embedded protostarsCS Dense gas, rotation, also out�owsCN Photodominated regions, Zeeman e�et, magneti �eldsSO Shoks, dense gasH2O Shoks and hot ores, rotation (H18
2 O), maser signpost ofstar formationHDO Deuterium hemistryH2D+ Cold gas, pre-stellar ores, freeze outHCN Dense ores, also out�owsHNC Dense ores, rotation (HN13C)HCO+ Out�ows, infall, osmi rays, ionization degree,dense gas (H13CO+)SO2 Shoks, dense gasC2H Early evolutionary stages (�5.2)N2H+ Early evolutionary stagesN2D+ Deuteration, freeze outH3O+ Cosmi raysH2CO Dense gas, temperaturesNH3 Cold and hot ores, rotation, temperaturesCH3OH Shoks, young rotating strutures? (�3.1), temperatures,maser signpost of massive star formationCH3CN Hot ores, temperatures, rotationCH3CCH Dense gas, temperaturesHCOOCH3 Hot ores, rotationCH3CH3CN Hot CoresTable 1: A few useful moleules and some of their potential appliations.6 Conlusions and summaryThis artile tries to outline how far we an urrently onstrain physial andhemial properties in massive star formation using (sub)mm interferometry.Coming bak to the original questions raised in the abstrat: (a) What arethe physial onditions at the onset of massive star formation? (b) Whatare the harateristis of potential massive aretion disks and what do theytell us about massive star formation in general? () How do massive lumpsfragment, and what does it imply to high-mass star formation? (d) Whatdo we learn from imaging spetral line surveys with respet to the hemistryitself as well as for utilizing moleules as tools for astrophysial investigations?Can we reasonably answer any of these questions with on�dene? Thereare no lear-ut answers possible yet, however, the observations are paving a23



way to shedding light on many of the issues, and one an try to give tentativeearly answers. The following is a rough attempt to outline the diretions forurrent and future answers in these �elds:(a) Massive gas lumps prior or at the onset of high-mass star formationare haraterized by old temperatures of the order 15K and small line-widthsindiative of a low level of turbulene. Their moleular abundanes appearomparable to those of low-mass starless ores. Interestingly, the out�owdetetion rates toward IRDCs are high, and no genuine High-Mass StarlessCores have been reported in the literature yet. Although the statistial basisis not solid enough yet, this allows us to speulate that the high-mass starlessphase is likely to be very shortlived.(b) The detetion of a real aretion disk around a massive protostar stillremains an open issue. However, we �nd many rotating strutures in theviinity of young massive star-forming regions all the way from IRDCs to HotMoleular Cores. These strutures are on average large with sizes between
1 × 103 and 2 × 104AU, and they have masses of the order of the entralprotostar. Hene, most of them are not Keplerian aretion disks but rathersome larger-sale rotating/infalling strutures or toroids that may feed moregenuine aretion disks in the so far unresolved enters of these regions.() Fragmentation of massive star-forming regions is frequently observed,and the ore mass funtion of one young region is onsistent with the InitialMass Funtion. However, aveats of unknown temperature distributions ormissing �ux on larger sales may still a�et the results. Furthermore, we�nd proto-trapezium like strutures whih show multiple bound soures onsmall sales of a few 1000AU implying protostellar densities of the order 105protostars/p−3. Suh densities are still not su�ient to allow oalesene,however, it may be possible to �nd even higher protostellar densities with theimproved observational apabilities of future instruments. Although mergersdo not appear neessary to form massive stars in general, they still remain apossibility for the most massive objets.(d) Astro-hemistry is a young branh in astrophysial researh, and weare urrently only touhing the surfae of its potential. The di�erent paths tofollow in the oming years are manyfold: With larger soure-samples, we willbe able to derive a real hemial evolutionary sequene with one of the goalsto use hemistry as an astrophysial lok. Furthermore, understanding thehemial di�erenes is important to use the moleular lines as astrophysialtools to investigate the physial proesses taking plae. Moreover, anotherurrent hot topi is planet formation, and in this ontext astro-biology is arising subjet. In this regard understanding astro-hemistry and detetingnew and more omplex moleules in spae is paving the way for future astro-biologial siene.Aknowledgments: Thanks a lot to Cassie Fallsheer and Javier Rodon for prepar-ing the �gures related to the IRDC18223-3 out�ow/disk system and the W3-IRS5fragmenting ore. I further aknowledge �nanial support by the Emmy-Noether-Program of the Deutshe Forshungsgemeinshaft (DFG, grant BE2578).24
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