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Abstract

The Galactic center (GC) is the closest galactic nuclefisring the unique possibility of study-
ing the population of a dense stellar cluster surroundingi@eB8nassive Black Hole (SMBH),
as well as stellar and bow-shock polarizatidteets in a dusty environment.

The goals of the first part of this work are to develop a new wethf separating early and late
type stellar components of a dense stellar cluster basedtenmediate band filters, applying
it to the central parsec of the GC, and conducting a populatitalysis of this area. Adaptive
optics assisted observations obtained at the Very Largesdepe (VLT, run by the European
Southern Observatory, ESO) in the Near-Infrared (NIR) Hebél.6um) and 7 intermediate
bands covering the NIR K-band (2.18n) were used for this. A comparison of the resulting
Spectral Energy Distributions (SEDs) with a blackbody dfialale extinction then allowed to
determine the presence and strength of a CO absorptiorrddatdistinguish between early and
late type stars. This new method is suitable for classiffingiants (and later), as well as B2
main sequence (and earlier) stars that are brighter thanra&g in the K band in the central
parsec. Compared to previous spectroscopic investigatitat were limited to 13-14 mag, this
represents a major improvement in the depth of the obsensatind reduces the needed ob-
servation time. Extremely red objects and foreground ssuoould also be reliably removed
from the sample. Comparison to sources of known classifigatidicates that the method has
an accuracy of better tharB7%.

312 stars have been classified as early type candidates awamiple of 5914 sources. Several
results, such as the shape of the K-band Luminosity Fun¢i{af) and the spatial distribution
of both early and late type stars, confirm and extend preweonrks. The distribution of the
early type stars can be fitted with a steep power law & —1.49 + 0.12), alternatively with

a broken power law3;_10- = —=1.08 + 0.12, 819 20- = —3.46 + 0.58, since a drop in the early
type density seems to occur-at0”. In addition, early type candidates outside of 0.5 pcehav
been detected in significant numbers for the first time. Thetlgpe density function shows an
inversion in the inner 6”, with a power-law slope @.s» = 0.17 = 0.09. The late type KLF
has a power-law slope of 0.20.01, closely resembling the KLF obtained for the bulge ef th
Milky Way. The early type KLF has a much flatter slope ofi®+ 0.02). These results seem
to agree best with an in-situ star formation scenario, alghoalternatives like the inspiraling
cluster scenario cannot be ruled out yet.

The second part of this work aims at providing NIR (H-, Ks-dap-band) polarimetry of the
stellar sources in the central parsec at the resolution 8hatelescope for the first time, along
with new insight into the nature of the known bright bow-skhsources.

Using the NAOS-CONICA (NACO) intrument at the ESO VLT in itslprimetric mode and ap-
plying both high-precision photometric methods speciljcdéveloped for crowded fields along
with a newly established polarimetric calibration for NAC@»larization maps covering parts
of the central 30%30” (with different coverage and depth in the three wavelength bands) were
produced. In addition, spatially resolved polarimetry aniiux variability analysis on the ex-
tended sources in this region were conducted.

It has been confirmed for this larger sample that the foragtqolarization mostly follows the
orientation of the Galactic plane, with average values 6f-46.1 % at~ 26° (in the Ks-band,
depending on the Field-of-View, FOV), (9:31.3)% at 20 + 6° (H-band), and (4.5 1.4)% at
2(¢° +5° (Lp-band, 3.8:m). In the east of the FOV, higher polarization degrees aswbstr polar-
ization angles have been found: (#8.0)% at 12 +6° (Ks-band) and (12.% 2.1)% at 13+6°
(H-band). py/pks peaks at B+ 0.4, corresponding to a power law index for the wavelength de-
pendency ofr = 2.4+0.7. These values also vary over the FOV, with higher valuelsarcenter.
This may indicate the influence of locaffects on the total polarization, possibly dichroic ex-
tinction by Northern Arm dust. The relation between the Lipd &s-band polarization degrees
has an average of 0.7-0.8, consistent with previous maasmts on a much smaller number
of sources. The polarizatiorffeiency in the H- and Ks-band shows the expected power-law
dependency on the local extinction.



Several of the extended sources, namely IRS 1W, IRS 5, IRS 40WRS21 show significant
intrinsic polarization in all wavelength bands, as well pati&l polarization patterns that are
consistent with emission afat scattering on aligned grains as a polarization mechanidm
bow-shock structure around IRS 21 could be separated frernghtral source for the first time
in the Ks-band, finding the apex north of the central sourckdmtermining a standiodistance
of ~400 AU, which matches previous estimates. This source dlsovsa~ 50% increase in
flux in the NIR over several years. In addition, the Mid-Imé&d (MIR) excess sources IRS 5NE,
IRS 2L, and IRS 2S have been found to show a significant Lp-lpetarization that agrees
well with the scenario that these sources are lower lumipesirsions of the bright bow-shock
sources.



Zusammenfassung

Das Galaktische Zentrum ist der nachst benachbarte gaila&tKern und bietet als solcher
die einzigartige Moglichkeit, die stellare Populatiomes dichten Sternhaufens um ein super-
massives schwarzes Loch zu untersuchen. Ebenso kann ér &egion die Polarisation von
Sternen und ausgedehnten Quellen wie sogenannte "bowssrsiadiert werden.

Das Ziel des ersten Teils dieser Arbeit war es, eine MethanddJnterscheidung friher und
spater Sterntypen eines dichten Sternhaufens basiedestferwendung von Schmalbandfil-
tern zu entwickeln, diese dann im zentralen Parsek des Gah&n Zentrums anzuwenden
und so die stellare Population dieser Region zu analysiei®azu wurden am Very Large
Telescope (VLT) der Europaischen Sudsternwarte (ES@rwerwendung Adaptiver Optik
im Nahinfraroten aufgenommene Daten verwendet (8 Filterod ein H-Band Breitbandfilter
(1.6 um) und 7 das K-Band (2.18m) abdeckende Schmalbandfilter). Ein Vergleich der so
gewonnenen spektralen Energieverteilungen mit einem &akdrperstrahler mit variabler Ex-
tinktion erlaubte es dann, das Vorhandensein und die &gk CO-Absorption festzustellen,
die wiederum zur Unterscheidung von friihen und spatem&een dienen konnte. Diese neue
Methode ist geeignet zur Klassifizierung von Riesen bis tiiguzum Spektraltyp K sowie
Hauptreihensternen bis einschliesslich B2. Im zentralmsdt weisen diese Klassen eine Hel-
ligkeit von etwa 15.5 mag im K-band auf, was die untere Gretieser Methode darstellt. Dies
stellt eine grosse Verbesserung gegeniiber frihererepképischen Untersuchungen mit einer
Helligkeitsgrenze von 13-14 mag dar, sowohl in der Tiefe aieh in der benoétigten Beobach-
tungszeit. Extrem gerotete Objekte und Vordergrundstéonnten ebenso zuverlassig aus der
Analyse ausgeschlossen werden. Ein Vergleich mit bengitef klassifizierten Quellen ergab
eine Zuverlassigkeit dieser Klassifizierungsmethodehasser als-87%

312 von 5914 Sternen wurde ein frilher Spektraltyp zugesrdvehrere friilhere Resultate, wie
die Form der K-Band Helligkeitsfunktion (KLF) und die raliohme Verteilung der frithen und
spaten Spektraltypen, konnten bestatigt bzw. signifikaweitert werden. Die Verteilung der
Sterne friihen Typs folgt einem steilen Potenzgesetz (ruibkentB» = —1.49+0.12), oder al-
ternativ einem abschnittsweisen Potenzgesetgimity = —1.08+0.12,810_20- = —3.46+0.58,

da bei etwa 10" ein plotzlicher Abfall in der projizierteteBaren Dichte auftritt. Zusatzlich wur-
den zum ersten Mal in signifikanter Anzahl Sterne frihensTgpsserhalb der innersten 0.5 pc
detektiert. Die Dichtefunktion der Sterne spaten Typgtz@nerhalb von 6” einen anderen Ver-
lauf als weiter aussen: die projizierte Dichte steigt dathmaussen hin an anstatt abzufallen,
in Form eines Potenzgesetzes Aiter = 0.17 + 0.09. Die KLF der spaten Spektraltypen folgt
einem Potenzgesetz mit Exponent G:8M1, was der im Bulge der Milchstrasse gemessenen
Helligkeitsfunktion entspricht. Die KLF der frihen Typést deutlich flacher, mit einem Ex-
ponenten von A4 + 0.02. Diese Resultate scheinen am besten zu einer Sterremtgia situ

zu passen, d.h. direkt im zentralen Parsec, wobei allesdiftgrnative Szenarien wie das eines
einfallenden jungen Sternhaufens noch nicht ausgesehmassrden konnen.

Der zweite Teil dieser Arbeit zielte darauf ab, erstmaligh&ot-Polarimetrie der Sterne im
zentralen Parsek mit der Auflosung eines 8m-Teleskopseferti, zusammen mit neuen Er-
kenntnissen Uber die Natur der bereits bekannten hbdershockQuellen.

Unter Verwendung des polarimetrischen Modus des InstrteseNACO am ESO VLT und
unter Anwendung sowohl von hochprazisen, speziell figi®en hoher stellarer Dichte ent-
wickelter photometrischer Methoden als auch einer neulietsn polarimetrischen Kalibra-
tionsmethode fir NACO war es moglich, Polarisationsikanton Teilen der innersten 3030”

zu erstellen (mit unterschiedlicher Abdeckung dieses dé=ld den verschiedenen Bandern).
Zusatzlich wurden raumlich aufgeloste Polarimetriel @ne Variabilitatsanalyse auf den aus-
gedehnten Quellen in dieser Region durchgefiihrt.

Fur diese gegenuber friheren Untersuchungen deutiichrie Anzahl an Quellen konnte besta-
tigt werden, dass die Vordergrundpolarisation grossitntler Orientierung der Galaktischen
Ebene folgt, mit durschnittlichen Werten von 4.5 - 6.1 % b&l6° (im Ks-Band, abhangig von
der betrachteten Region), bzw. (2:3.3)% bei 20+6° im H-Band und (4.5 1.4)% bei 20+5°



im Lp-Band (3.8um). Im Osten der hier untersuchten Region wurden im Mittéidré Polar-
isationsgrade und steilere Polarisationswinkel gemeg3eh+ 1.0)% bei 11 + 6° (Ks-Band)
und (12.1+ 2.1)% bei 13 = 6° (H-Band). py/pks ist um 19 + 0.4 verteilt, was einem Expo-
nenten des Potenz-gesetzes der Wellenlangenabhaingigkéolarisierung vor = 2.4 + 0.7
entspricht. Auch diese Werte variieren tber das beobgxl@ebiet, mit hdheren Werten im
Zentrum. Dies kann ein Zeichen sein fur den Einfluss lokBléekte auf die Gesamtpolari-
sation, moglicherweise durch Absorption an ausgerient&taubkdrnern im nordlichen Arm
der Minispirale. Das Verhaltnis zwischen Lp-Band und KaaB Polarisierung nimmt Werte
von im Mittel 0.7-0.8 an, ein Wert der konsistent mit fribdemMessungen auf einer wesentlich
kleineren Anzahl von Sternen ist. Die Polarisierurfjzienz zeigt im H- und Ks-Band die er-
wartete Abhangigkeit von der lokalen Extinktion in Formes Potenzgesetzes.

Mehrere der ausgedehnten Quellen, IRS 1W, IRS 5, IRS 10W RS@1, besitzen eine sig-
nifikante intrinsische Polarisierung in allen hier bettatén Wellenlangenbandern. Raumlich
aufgeloste Polarisierungskarten dieser Quellen deuteBraission oder Streuung an ausgerich-
teten Staubkornern als fiir die Polarisierung verantiecbg Mechanismen hin. Zum ersten Mal
konnte ausserdem im Ks-Band diew-shockStruktur um IRS 21 von der zentralen Quelle ge-
trennt werden. Der Apex ddmw-shockvurde so etwa 400 AU nordlich der Zentralquelle fest-
gestellt, was friheren Abschatzungen (basierend aufrandWellenlangen) entspricht. Weit-
erhin zeigt diese Quelle einen Anstieg ihres Flusses im Mighrbten um etwa 50% im Laufe
mehrerer Jahre. Im Lp-Band wurde ausserdem fur die im Mitfearoten sehr hellen Quellen
IRS 5NE, IRS 2L und IRS 2S eine signifikante intrinsische Rsilerung gemessen, die sehr
gut dazu passen wirde, dass es sich bei diesen Quellen uigewhelle Varianten der hellen
bow-shockQuellen handelte.
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1 Introduction 13

1 Introduction

The center of our own Galaxy, the only Nuclear Cluster so aeasible at this level of detail,
has been the subject of a multitude of studies over the pasidds, since infrared and radio
observations first opened up this region to the eyes of astmers. Evolving observational ca-
pabilities, especially the construction of 8m class talpss like the VLT in Chile and Keck
in Hawaii, aided by the development of Adaptive Optics and detector techniques, have al-
lowed a more and more detailed and precise insight into tearth of the Milky Way. And
while a new and even larger telescope generation is on theomorthere are still large blank
spots to be filled, even in this well-observed region. Thepeaaf this thesis encompasses two
of these formerly blank spots: large-scale, deep stelssdication and high resolution stellar
polarization measurements.

Classification of stars based on spectral features has lmemnial the GC before, and at much
higher spectral resolution than what is presented here. & i& new about the method pre-
sented in this work, and what new results can it provide? @uaal weakness of spectroscopic
instruments is their small field-of-view. Even with an im&ifield spectrometer like SINFONI
(ESO VLT), covering the innermost 1.5 pc as it was done hegaires unrealistic amounts of
observation time, if sicient depth and spatial resolution are to be achieved.

This is the advantage of the method used in this work, intdrate-band photometry: the entire
region can be observed simultaneously, at the sacrificeeauftisgd resolution. But the result is
suficient to separate early and late type stars, and based ¢a ffopulation analysis can reveal
several new aspects: does the old, supposedly relaxedrgtefpulation indeed follow the as-
sumptions for such a population in the vicinity of a SupershasBlack Hole? A so-calledusp
has been predicted for the very center, an increase in pedjelensity of the late type stars, but
as will be shown below, this is clearly not the case. Anotlspeat is the still ongoing discussion
on star formation in the central region, and how this work camtribute to the constraints that
have to be placed on stellar evolution models for the GC. Tty d¢ype density distribution
and luminosity function have been investigated beforeHerdrightest of these sources, but can
these findings of a steep power law density distribution ateghaheavy initial-mass-function be
confirmed on this much larger sample? Are there any signslaftiils left behind by an inspi-
raling cluster of young stars formed elsewhere, as some Isxgdggest? Or, if star formation
indeed takes place in the innermost region, are there ang sfgroung Stellar Objects (YSOs)?
The latter question leads to the second part of this work:samirag the polarization parameters
of an unprecedented number of sources in the GC in the H-,dfst Lp-band. Observations
like that have been undertaken in the past, but only at musirieesolution. Especially in
the H- and Lp-band, the latest observations were obtaineg8D23fears ago, with the depth and
spatial resolution available at that time (a few arcsecpatithat resolution the IRS 16 complex
for instance is seen as a single source). High resolutioaripoétric observations in the GC
can provide new insight in several areas: the line-of-gugit@rization and its relation to the ex-
tinction can be investigated, intrinsic polarization ofquact sources yields information on the
processes in the vicinity of these objects and the propesfithe surrounding material. The cen-
tral parsec fiers several promising targets in all three observed wagtidpands, such as the
extended bow-shock sources (most likely mass-losing ptaveng through the local medium),
dust streamers in the mini-spiral, and candidates for Y &asne of these issues could not be
explored in depth in this work due to a lack of suitable datd, iy addition to the findings al-
ready shown here, interesting targets for follow-up olestions can be determined (such as the
IRS 13N cluster and several bow-shock sources). In additimproven feasibility of Lp-band
polarimetry with NACO opens up new possibilities to expltre nature of these sources (while
NACO is still operational, but the methods developed hetédceasily be adapted to a successor
instrument).

In the following, §2 gives a short overview of the Galactic Center and introggmme basic
concepts and processd® details the data reduction methods that were applied toliberva-
tional data, which are presented§h. §5 explains the photometric, polarimetric and calibration
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procedures that were used to achieve the results, whic aweni presented i§6 (stellar clas-
sification and popualtion analysig)7 (stellar polarization), angi8 (polarization and variability
of extended sources). Finally, conclusions and a summargartained ir§9.
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2 The Galactic Center

2.1 The Nuclear Stellar Cluster

The Galactic center (GC) is located at a distance &0 kpc (Reid, 1993; Eisenhauer et al.,
2005; Groenewegen et al., 2008; Ghez et al., 2008; Gillesisaln, 2009; Fritz et al., 2011) from
the sun. This value is adopted throughout this work. At tihésaghce, it is much closer than the
next closest galactic nucleus in M31 (with 784 kpc, see Hdllat al., 1998). The next AGN is
even further away~ 10 times further out than M31).

The immediate center of the GC contains the densest staecinghe Galaxy with a 4.0x10°
Mo supermassive black hole at its dynamical center (Eckanrt,e2@02; Schodel et al., 2002,
2003; Ghez et al., 2003, 2008; Gillessen et al., 2009). Th&er shows similar properties as the
NSCs found at the dynamical and photometric centers of ghlexies (Boker, 2010; Schodel,
2010c). The projected density distribution of the obsemstads in this cluster has been described
by a broken power law (break radiugERx = 6”.0 = 1”.0, all values given here are projected
radii), with a power-law slope df = 0.19 = 0.05 within the break radius arid = 0.75+ 0.10
towards the outside of the cluster (Schodel et al., 2007).

Around the central parsec itself, a structure made up ofedans warm molecular gas (16
10’cnt3, several hundred K) is located in several cluysfmidgfilaments moving on a circu-
lar orbit around the center, tharcum nuclear disKCND). This structure stretches from about
1.5 pc to 7 pc from the center. The inner edge is relativelgpsténside this radius, a cavity of
mainly atomic and ionized gas (but almost no molecular gas)e found. From the inner edge,
several streamers of gas and dust seem to be on infallirectoaies towards the center. They
are interacting with the winds emanating from the starsémihclear star cluster. This so-called
"mini-spiral” (Lacy et al., 1991) appears to consist of a @bex threedimensional structure
(Paumard et al., 2004) with several sub-components (eeg\Ntithern Arm to the north-east of
the center). The influence of this structure can be seen emaéndividual sources (for instance
the bow-shock sources in the Northern Arm, see Tanner é2@05), as well as in extinction
maps of this area (Scoville et al., 2003; Schodel et al.0BR1

2.1.1 Stellar composition

The stellar composition of the cluster depends on the distém the center. This has been ob-
served first as a drop in CO absorption strength towards Sgn Ateing-limited observations
(Allen et al., 1990; Sellgren et al., 1990; Haller et al., 829Two explanations have been dis-
cussed for this: a significantly lower density of late tymsin the central few arcseconds anrd
the presence of a large number of bright early type starsptaaoptics assisted observations
with high spatial resolution have shown that there is ind@edhcreased number of early-type
stars in this region, while the relative number of late tyfsgssdecreases (Genzel et al., 2003;
Eisenhauer et al., 2005; Paumard et al., 2006; Lu et al.,)2086veral authors have tried to
explain this finding by collisions between stars (or betwstetiar mass black holes and stars),
which may lead to the destruction of the envelopes of giamssh the central region (Davies et
al., 1991; Bailey & Davies, 1999; Rasio & Shapiro, 1990; [@avet al., 1998; Alexander et al.,
1999; Dale et al., 2008).

Several stellar populations have been detected in theatguarsec: the oldest observable ob-
jects that make up the bulk of the visible sources outsidd@fiinermost few arcseconds are
old, metal-rich M, K and G type giants with ages of-110x 10° years. The helium-burning
red clumpsources are also present, although they have not beenshscimsdetail until recently
(Maness et al., 2007), because older works on the stellarl@iogn did not reach the necessary
lower magnitude limit. A number of intermediate-bright (gra~ 10— 12) stars that are now on
the AGB (Krabbe et al., 1995; Blum et al., 1996, 2003) havenleduced by a star formation
event> 100x 1P years ago. These stars can be distinguished from late tgpésdiy the HO
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absorption bands in their spectra that are detectable @vew @&pectral resolution. Very few
supergiants like IRS 7 are also present in the central pagmeral objects with featureless, but
very red spectra have also been detected (Becklin et alg; X9@bbe et al., 1995; Genzel et al.,
1996), namely IRS1W, 3, 9, 10W and 21. With high-resolutioraging, most of these sources
have been resolved. They are mostly associated with thegpiral, and can be interpreted as
young and bright stars with rapid mass loss interacting thi¢hinterstellar medium in the GC,
so called bowshock sources (Tanner et al. (2002, 2003); ll@adial. (2004), see also Perger et
al. (2008) ). In the central0.5 pc there exists yet another distinct stellar populatimoassive,
young stars created in a starburst 3 x 10° years ago (e.g., Krabbe et al., 1995). These stars
can be found, e.g., in the IRS 16 and IRS 13 associations fclart et al., 2004a; Maillard
et al., 2004; Lu et al., 2005).The brightest of those youagsshave been described as stars in
a transitional phase between O supergiants and Wolf-R&yet &VNJOfpe according to e.g.
Allen et al., 1990), with high mass-loss during this phasajéio et al., 1994; Krabbe et al.,
1995; Morris et al., 1996; Najarro et al., 1997; Paumard ¢t28l01; Moultaka et al., 2005).
These stars account for a large part of the luminosity of thdral cluster and also contribute
half of the excitatiofionizing luminosity in this region (Rieke, Rieke & Paul , W&\ajarro

et al., 1997; Eckart et al., 1999; Paumard et al., 2006; Msuwt al., 2007). Recently, Muzic
et al. (2008) have identified a co-moving group of highly remled stars north of IRS 13 that
may be even younger objects, the IRS 13N cluster. Theseesare maybe the best candidates
for very recent star formation in the central parsec itsaitj might therefore provide valuable
insight into the star formation mechanism so close to Sgr A*.

Besides the most massive early type stars, a large humbeB at@ds with masses 6f10-60
Mo have been examined by Levin & Beloborodov (2003); Genzel.203); Paumard et al.
(2006); Lu et al. (2009). At least 50% of the early-type starshe central 0.5 pc appear to
be located within a clockwise (in projection on the sky) tiotg disk, which was first detected
by Levin & Beloborodov (2003). Later, Genzel et al. (2003%ubhard et al. (2006) claimed
the existence of a second, counter-clockwise rotating diskery detailed analysis by Lu et al.
(2009), based on the fitting of individual stellar orbitspwis only one disk and a more randomly
distributed df-disk population (with the number of stars in the disk simt@that on random
orbits). Bartko et al. (2009), however, claim that they asteobserve a counter-clockwise struc-
ture that could be a strongly warped, possibly dissolviraped disk. In the immediate vicinity
of Sgr A*, there is yet another distinct group of stars, whiatm a small cluster of what appear
to be early B-type stars (Eckart et al., 1999; Ghez et al.328@senhauer et al., 2005). These
so-called “S-stars” stars are on closed orbits around Sgwith velocities of up to a few thou-
sand knis and at distances as close as a few lightdays (Schode] 20@B; Ghez et al., 2003,
2005; Eisenhauer et al., 2005; Ghez et al., 2008; Gillessah,2009). Their orbits have been
used to determine the mass of the black hole and the distartbe GC.

Detailed spectroscopic studies of the stellar populatiothé central parsec have so far only
been conducted in the innermost few arcseconds and on smeall & the outer regions of the
cluster (see Ghez et al. (2003, 2008); Eisenhauer et al5j2P@umard et al. (2006); Maness et
al. (2007)). Here the main limitation is that the high suefaensity of sources in the GC forces
the observers to use high spatial resolution observatiomasder to be able to examine all but
the brightest stars. However, the field-of-view of intediald spectrometers is quite small at
the required angular resolutions (e.g., betweéx3” and 08" x 0.8” for the ESO SINFONI
instrument).

2.1.2 Star Formation in the GC?

How exactly star formation can take place in the centralgratsder the observed conditions
is still a debated issue. Classical star formation from dahe observed density is severely
impeded by the tidal shear exerted by the black hole and thhewswing dense star cluster
(Morris et al., 1993). Two scenarios are being discussedtaim the presence of the early type
stars: Genzel et al. (2003); Goodman (2003); Levin & Belodowr (2003); Milosavljevic &
Loeb (2004); Nayakshin & Cuadra (2005); Paumard et al. (2606gest a model of in-situ star
formation, where the infall and cooling of a large interstetloud could lead to the formation
of a gravitationally unstable disk and the stars would benft directly out of the fragmenting
disk. An alternative scenario has been proposed by GerB@@d |; McMillan & Portegies Zwart
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(2003); Portegies Zwart et al. (2003); Kim & Morris (2003)inKet al. (2004); Guerkan & Rasio
(2005) with theinfalling cluster scenaripwhere the actual star formation takes place outside of
the hostile environment of the central parsec. Bound, massisters of young stars can then be
transported towards the center within a few Myr (dynamidatibn in a massive enough cluster
lets it sink in much more rapidly than individual stars, sesrt@ard (2001)). Recent data seem
to favor continuous, in-situ star-formation (e.g. Nayaksk Sunyaev (2005); Paumard et al.
(2006); Lu et al. (2009)

The existence of the S stars so close to Sgr A* is yet anothétem&nown as the "paradox
of youth” (Ghez et al., 2003). Two explanations are discdidee the presence of these stars,
though neither is satisfactory: formation out of colliding interacting giants (Eckart et al.,
1993; Genzel et al., 2003; Ghez et al., 2003, 2005) or sgajtérom the disk of young stars
(Alexander & Livio , 2004).

2.2 Extinction

Radiation from distant sources passes through the inlarsteedium (ISM) between the source
and the observer, and the influence of this medium can be sigitficant. Depending on the
wavelength, diferent components of the ISM andfdrent processes become important, such as
emissiorabsorption and scattering on electrons, ions, atoms, mieeangor dust grains. For
broadband near-infrared observations as they were caedihetre, the dominant influence that
has to be considered is the absorption and scattering afdigbust grains, termeektinction
Extinction has to mainféects on the observations: sources behind a lot of dust afgieser
than expected from their distance and intrinsic brightn@s$sgs has to be considered when e.g.
distances are calculated from the apparent brightnessuode® of known type:

m, = M, + 5log(d) - 5+ A; (2.1)

Here, m, and M, denote the apparent respectively absolute magnitude otizesal is the
distance in parsec, amdl, is the extinction in magnitudes at a particular wavelengththe
extinction is high enough, the source becomes too faint toldserved any more. This is the
case, for instance, with the Galactic Center in the optishlere the extinction reaches 40-50
mag (see below). But the extinction is also wavelength degety with much lower values of
Axs ~ 3 mag towards the GC in the NIR. While this allows observirgg@C in these wavelength
bands, it leads to anotheffect: the spectrum of an extincted source is shifted towdrelsed,
since shorter wavelengthsfier higher extinction. The wavelength dependence is comiplex
general, but in the NIR it can be described by a simple powe[Zraine, 1989; Schodel et al.,
2010Db; Fritz et al., 2011):

Ay P (2.2)

Draine (1989) proposed = —1.75, but recent results by Gosling et al. (2009); Schodel.et a
(2010b); Fritz et al. (2011) suggest a slightly steeper pdawe with 8 ~ 2.0.

2.3 Polarization

In general, threefects can produce polarized NIR radiation in GC sourceseiftession by
heated, non-spherical grains, scattering (on spheriaibaanligned non-spherical grains), and
dichroic extinction by aligned dust grains. The first twoesasan be, for the purposes of this
work, regarded as intrinsic to the source, thereby allovdagclusions about the source itself
and its immediate environment, while the thirfieet is the result of grain alignment averaged
along the LOS. For sources enclosed in an optically thick slusll, dichroic extinction can also
contribute significantly as a locaffect (see e.g. Whitney & Wil, 2002).

2.3.1 Foreground polarization

As the basic mechanism that could cause the observed, leade grain alignment, Davis &
Greenstein (1951) suggested paramagnetic dissipatidichwhasically aligns the angular mo-
mentum of spinning grains with the magnetic field. But evenaat 60 years later, the issue of
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grain alignment is by no means completely solved, and it nesndifficult to reach exact con-
clusions for dust parameters and magnetic field strengthatdeast determining the magnetic
field orientation is possible. If the parameters changecatbe LOS, this further complicates
the issue. See e.g. Purcell et al. (1971); Lazarian (200®)atian et al. (2007) and references
therein for a review of the fierent possible causes of grain alignment expected to beargla
different environments.

Itis therefore possible to use polarimetric measurementsalp at least the direction of the mag-
netic fields responsible for dust alignment through the B&@ieensteinféect, as e.g. Nishiyama
et al. (2009, 2010) showed for the innermost 20’ respegtigelof the GC, but these studies did
not cover the central parsec due to ifigient resolution.

Observations of the galactic centerffen from strong extinction caused by dust grains on the
LOS, with values of up tAy = 40 mag at optical wavelengths (or even higher values of up
to 50 mag if a steeper extinction law is assumed) and stillrzdd3 mag in the Ks-band (e.g.
Scoville et al., 2003; Schodel et al., 2010b). The aligmadrstellar dust grains responsible for
the polarization cause extinction as well, but non-aliggeains can also contribute. Therefore,
the same particles are not necessarily responsible fordfieitts (e.g. Martin et al., 1990). Uni-
versal power laws have been claimed for polarization (Maatial., 1990) (in a similar way as
for NIR extinction, see Draine, 1989), who also showed thatlaw applicable to polarization
in the optical domain (Serkowski et al., 1975) is a poor apipnation in the NIR. The power
law indices presented in these works for the extinction aegblarization power law are almost
the same (1.5-2.0). It also appears that there is a coorlattween the measured extinction
of an intrinsically unpolarized source and foreground poédion (Serkowski et al., 1975), but
this relation is quite complex. In the light of new results the extinction law which seem
to deviate consistently from the Draine law (e.g. Goslinglet2009; Schodel et al., 2010b),
new polarimetric measurements may be useful to furtheifgldne relation between extinction
and polarization. The central parsec of the GC is a well duitg challenging environment to
study this relation, since it contains a large number of asirvhich exhibit large variances in
extinction (1-2 mag, see Buchholz et al., 2009; Schodel. e2@10b), which is produced along
a long line-of-sight by a large number of dust clouds withgilaly different grain alignment and
composition. A new Ks-band extinction map of the centrakparrecently been presented by
Schodel et al. (2010b) is used as a reference in this work.

2.3.2 Local polarization

In the context of this worklocal polarizationrefers to processes taking place in the innermost
region of the GC itself, either around individual sourcesnoextended local structures such as
the arms of the minispiral.Specifically, this encompasstects of dusty stellar envelopes or
disks, the interaction of stellar outflows with the local ISfbow-shocks, and the emission by
heated, aligned grains in dust streamers such as the Nozingr.

Three basic processes can produce polarization in sucfoanvents: emission from elongated
and aligned grains, dichroic extinction (also needs grégnment and elongation), and scat-
tering, either in the form of Mie-scattering on sphericadigs or scattering on elongated and
aligned grains as well. The relative importance of thesegsses depends on the local dust
properties, such as grain size distribution, dust temperatiust density, magnetic fields, and
streaming velocities.

Emission

While a spherical grain would emit radiation isotropicalblongated grains emit preferably
along their long axis. If the grain population is alignedstleads to the radiation being polarized
parallel to the mean orientation of the long grain axes. Bdhse of magnetic alignmment,
spinning grains would align their angular momentum withfibkel (Davis & Greenstein, 1951),
so their long axes and thus the polarization are perperatitnithe aligning field.

For a given grain alignmentfigciency, the relative importance of polarized emission dher
wavelength bands depends on the size distribution and tegsteture of the grains. These two
parameters are related as well, since smaller grains cah tégher temperatures more easily
by absorption of high energy photons or stochastic colisiwith high energy electrons or ions
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Figure 2.1:Blackbody emission in the H- and Ks-band compared to the &pdlemission, logarithmic
plot. Green dots represent H-band, red dots Ks-band. Ale8uxere normalized to the flux
in the Lp-band.

(Geballe et al., 2004). Fig.2.1 shows the relation betwheretnission in the H-, Ks-, and Lp-
band at diferent temperatures. This is only a rough approximatiorgesthe grains are treated
as blackbodies here, but it already shows some generaktréardgrain temperatures as they are
common in the Northern Arm of the minispiral (200-300K, samit et al., 1990; Gezari, 1992),
emission in the H- and Ks-band is negligible compared to fivdand. For higher temperatures
of 900-1000K, however, H- and Ks-band emission becomes itapbas well. Assuming that
these trends are essentially the same for the dust graite iG€, significant emission in the
two shorter wavelength bands requires much higher tempesathan what has been observed.
Where such emission is detected, such as around the brighsiock sources, the temperatures
must be higher due to heating from the central source or imekshont, angor scattering must
play a significant role.

Local dichroic extinction

As it is the case along the LOS, dichroic extinction can takee locally if the dust column
density is high enough. But unlike in the dust clouds alorg DS, where individual sec-
tions may show dferent alignment that cancels out parts of tified and leaves only a net
component of polarization, alignment of local dust can lgarded as uniform on small scales
(depending on the local magnetic fields). The local fieldnsitie also determines thdheiency
of the alignment, and this can also be much higher than whatigd in a LOS cloud. In total,
the polarization ficiency, i.e. the relation between dust extinction and giis@r polarization,
can be far higher than the values found for the foregroundrjaation: essentially, even a small
dust column density can produce dichroic extinction of tiae order of magnitude as the fore-
ground polarization, if the grains are alignetiaently.

For a given grain alignment, the polarization produced ly [tiocess is perpendicular to the
long axes of the grains (as this is the preferential directibabsorption). Therefore, dichroic
extinction and dust emission from the same grains produtzipation with perpendicular po-
larization angles. If the alignment of the grains is knowrg(efrom the magnetic fields and
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the streaming motions), and if scattering is not importtdre,polarization angle can be used to
estimate the relative importance of these two processeshasdjive an indication of the local
dust density.

Scattering

While only non-spherical and aligned grains can producaration by emission and dichroic
extinction, scattering can take place on spherical grangell. In this so-calledVlie-scattering
process, unpolarized light is partly scattered forward dnst grain (assuming a particle size of
the order of magnitude of the wavelength) and partly scadtaway perpendicular to its angle of
incidence. This latter part is linearly polarized. If a gahsource is surrounded by an isotropic
shell of spherical grains, the scattered light produaeslection nebulaand this structure shows
polarization in a centrosymmetric pattern, with the paation vectors tangential to concentric
circles around the central source. An unresolved sourchisfkind shows its maximum in
polarization if viewed edge-on, while if viewed face-oneihibits no linear polarization at all
since the contributions from flierent regions cancel each other out. For a more complicated
geometry, such as a dusty disk around a central object as ookl wxpect it in YSOs, the
resulting polarization patterns can be more complicated ésg. Murakawa, 2010).

Scattering on elongated dust grains is a far less simplelggrgband has only recently been
modeled: Whitney & Wdf (2002) showed thefkects of optical depth, grain geometry and
inclination angle on the polarization patterns of dustyksliand spherical structures, using a
method developed by Mishchenko et al. (2000) to calculagesttattering properties of non-
spherical grains. This study did not cover bow-shock-likectures, however, and while there
are theoretical models of bow-shocks (e.g. most recenti@istafson et al., 2010; van Marle et
al., 2011), these do not consider polarization. Therefilie results obtained i§8.2 could not
be compared directly to theory or models.

2.3.3 Polarization of GC sources

Less than a decade after the first near-infrared (NIR) intagbservations of the Galactic center
(GC) by Becklin & Neugebauer (1968), the polarization of dQrges within<2 pc of Sagittar-
ius A* was measured by Capps & Knacke (1976); Knacke & Cappg{), observing in the K-,
L- and 11.5um-band. These observations revealed similar polarizatemgrees and angles for
the 4 sources observed in the K-band, with the polarizatighes roughly parallel to the galactic
plane £4% at 15 East-of-North, while the projection of the galactic plas@i a position angle
of ~31.#4 at the location of the GC, see Reid et al., 2004). This waspntéed as polariza-
tion induced by aligned dust grains in the Milky Way spiraharalong the line-of-sight (LOS).
The 11.5um polarization, however, was found to be almost perpendidal the galactic plane
and was therefore classified as intrinsic. The values foanthk L-band showed intermediate
values, which was attributed to a superposition of bditbats. The GC therefordfers the pos-
sibility to study both interstellar polarization as wellthe properties of intrinsically polarized
sources.

Kobayashi et al. (1980) conducted a survey of K-band paéidm in a much wider field of view
(7’x7), finding largely uniform polarization along the galacplane. Lebofsky et al. (1982)
confirmed these findings in the H- and K-band for 17 sourcebarcentral cluster. The latest
H-band survey was conducted by Bailey et al. (1984), who éxaan~10 sources with a 4.5”
resolution, finding similar results. While these surveysldmnly resolve a small number of
sources in the central region, higher resolution obsemat{0.25") enabled Eckart et al. (1995)
to measure the polarization of 160 sources in the centrat13", while Ott et al. (1999) exam-
ined~ 40 bright sources in the central 220" at 0.5” resolution. These two studies confirmed
the known largely uniform foreground polarization, butealdy revealed a more complex pic-
ture: individual sources showedfi@irent polarization parameters, such as a significantlyenigh
polarization degree (IRS 21).

These results already illustrated that in addition to thedoound polarization, intrinsic polariza-
tion plays a role in the Ks-band as well, and not only at longavelengths. Especially sources
embedded in the Northern Arm and other bow-shock sourcesHige4.2 for an overview of the
bright bow-shock sources in the central 20") show signs wirisic polarization. Among these
objects, IRS 21 shows the strongest total Ks-band pol@izaff a bright GC source detected to
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date ¢ 10-16% at 16 Eckart et al., 1995; Ott et al., 1999). Tanner et al. (2008¢dbed IRS 21
as a bow-shock most likely created by a mass-losing WolfeRstar. The observed polarization
is a superposition of foreground polarization and sourtniic polarization. It is still unclear
what process(es) cause the latter component: (Mie)-scafti the dusty environment of the
Northern Arm angbr emission from magnetically aligned dust. The latter ievn to occur at
12.5um (Aitken et al., 1998), but should be negligible at shortawvelengths.
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3 Data reduction techniques

3.1 Cleaning the Image

3.1.1 Standard procedure

The NAOSCONICAinstrument produces 1024 by 1024 pixel images, using abh K&ddin 3
detector. The nature of the detector chip itself and the ieagth regime (NIR-MIR) create
several problems that have to be dealt with before the aptuaiometry can commence. For
this task, thedpusersoftwaré provides a number of algorithms.

e Deadghot pixels on the chip: it needs to be avoided that pixels ¢fther do not respond
at all (dead) or always register a very high number of coum$) pollute the data (e.g. by
mistaking a collection of hot pixels for an actual sourcehe3e pixels are detected and
their values replaced by an average over the neighborirejix

¢ Flat-fielding: during the photometry, it is assumed thatrgvegion of the detector reg-
isters a given photon flux as the same number of counts. Thistithe case with any
real detector, however, since the production process aimg) #&pd to inhomogeneities.
To counter this, the detector is illuminated by an artifitigit source, and several images
are taken with the lamp switched /off (lamp-flat method). The on andfdmages are
then subtracted, averaged, and the actual data are dividdoegeflat-fields in order to
achieve the same calibrated detector response for the whatge.

e Sky subtraction: flux from emission in the atmosphere itsel major issue with NIR
and MIR observations, and this influence becomes strondengér wavelenghts: in the
Lp-band, the sky emission exceeds the flux of all but the beigthsources in the GC.
This can be compensated by taking images of source-free ace&oo far from the main
target, and then subtracting these sky exposures from tiseunte images. In the H- and
Ks-band, taking sky measurements only once or a small nuofltenes during the night
is suficient (depending on observing conditions, a more variakyengcessitates more
frequent sky measurements). For Lp-band observations,swall variations of the large
sky contribution become important, so a sky exposure istafter every image of the
target.

3.1.2 Pattern removal

Even after the sky-subtraction and flat-fielding, the Mar@th2L p-band images still contained
significant patterns. These are not actual structures ifs#iactic center itself (as a comparison
with previous Lp-band observations reveals, see e.g. \Végimet al., 2005), but must have been
introduced either by the detector itself or possibly by tkee&rrection. This can happen when
the sky exposures contain sources themselves. Due to theskygflux, these cannot be easily
made out and masked, as it can be done in the Ks- or H-band. iBtwatl patterns occur in
all images: a series of 'stripes’ along the East-West-arid @ 'cloudy’ structure in the east
and west of the FOV. The latter occurs at the same positiomd¢h @nage, while the former is
different for each exposure.

The East-West pattern was approximated by averaging oget#xis of each image (excluding
bright pixels, in order to avoid a bias from the stars). Thauling profile was subtracted from
the image. This does not introduce a significant bias, sinesetare no large scale East-West
structures expected in this FOV.

In order to remove the stationary pattern, an average imagecamputed from all individual
exposures (excluding the stellar sources) for each paléiz channel. This yielded a charac-
teristic pattern for each channel, which was then subtdaitten all images.

lwritten by T. Ott, the software is availableatp;Avww.mpe.mpg.deot/dpuser
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Before and after the removal of each pattern, each image Wfiedsto a background level
centered around zero. This turned out to be necessary siadmtkground level after sky sub-
traction varied on the order of 10-20 counts between ind&idmages. With a highly variable
sky (due to less-than-optimal observing conditions), this be expected: the flux from the sky
alone reaches 2000-3000 counts per pixel, so a change of i8édiesky and object exposure
already produces arffget of 20-30 counts. Unfortunately, this means that the dpackd flux
cannot be measured and any information about the backgmmaladzation is lost.

3.2 Deconvolution

Even in the optimal case that the influence of the atmosplarde neglected, the image of a
point source produced with any optical systenffes degradations because of the limitations
of the instrument. In the ideal case of an aberration-frées¢epe with a circular aperture, the
image of a point source would basically be an Airy pattern.eWthe &ects of the atmosphere
and the imperfections of the telescope are added to thistedhdt is a specific point spread
function (PSF). This function is variable with time, due ¢onporal variations in the instrument
itself and turbulence in the atmosphere (which in turn Emite coherence time), and it also
varies over the FOV (anisoplanasy).

Thus, the observed signg(x, y) can be described as a convolution of the observed ob{ecy)
with a function describing the PSI{(X, y), and another function describing other influences like
the detector read-out noise, anisoplanasy and other nearltermsg(x, y):

a(xy) = f(x.y) o h(xy) + c(x.y) (3.1)

with ® denoting the convolution operator.

Technical improvements like Adaptive Optics and the carsiibn of larger telescopes on the
ground and in space are a way to minimize theects, but some PSF residuals will always
remain. The basic idea of deconvolution is therefore toaepthe complicated PSF with some-
thing that allows easier accurate photometry and also ingsrthe detectability of faint sources,
such as a Gaussian PSF with a FWHM of the order of tffeadtion limit.

A convolution like this corresponds to a multiplication inWfier space. Therefore, in pricin-
ple, the Fourier transform of the original object could hetfie ideal case without noise and
non-linear &ects) determined by a simple divison in Fourier spae@u(v), G(u,Vv), H(u, V)
denoting the Fourier transforms &{x, y), g(x,y), h(x,y), with u, v as the spatial frequencies
corresponding to the coordinatesindy):

_ G(u,v)
"~ H(u,v)

What has to be considered, however, is that any telescope liaged aperture, which in turn
means that(u, v) will be zero at very high frequencies, and thus informatenhigh spatial
frequencies is lost. Also, the image degradation tefxny) (non-linear &ects, noise) cannot be
neglected in any real case, and especially the noise camigetominant at high spatial frequen-
cies. The PSF also cannot be determined with perfect agcwaad is usually approximated or
extracted from several sources in the image. Thereforg sthiple approach does not work, so
several methods have been devised to find at least the mdmstippeoobject distribution. In this
work, theLinear Deconvolutioralgorithm and thd.ucy-Richardson Deconvolutiamethod are
used.

F(u,v) (3.2)

3.3 Linear Deconvolution

The linear deconvolution method basically adapts the dsed Fourier division to deal with the
issues of an isgficiently determined PSF and noise. For this purpose, a $edc@liener filter
(designated¥ in the following) for the suppression of high spatial fregaies is introduced.
The reconstruction of the object can then be described ini€ogpace by the following:

[G(u, V) + C(u, V)] x ¥(u,V)
H(u,v)

o(u,v) = (3.3)
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The filter then has to be chosen so that théedénce between this expression &f(d, v) (the
'real’ object) is minimized:

+00 2
[(G(u,v) + C(u,V] X P(u,v)  G(u,v) .
Im AUy AUY) d(u, v) = Minimum (3.4)
Deriving this expression with respectiband setting the result equal to zero leads to
2
P(u,v) = S, v) (3.5)

IG(u, v)I? + IC(u, V)2
It has to be considered that the signal and the noise are refeted, so

+00
f (G(u,v) x C(u,v))d(u,v) = 0. (3.6)
The spectral energy distribution of the signal can be apprated by that of the observed PSF
(IG(u, V)2 ~ [H(u,Vv)|?), while the noise spectral energy distribution is reastnakell repre-
sented by a delta functions(u, v)[?). If one takes into account that the power spectrum of a
function is given by the product of its fourier transform ahe complex conjugate of the fourier
transform [H(u, v)|> = H(u, v)xH(u, v)), this finally yields (neglecting the noise term in equatio
3.3)

G(u,v) x H(u,v)
IH(u, V)12 +16(u, v)I2

F(u,v) ~ O(u,V) ~ 3.7)

3.4 Lucy-Richardson Deconvolution

The Lucy-Richardson (LR) deconvolution algorithm is amdteve process based on the scheme
for the rectification of observed probability distributioproposed by Lucy (1974). This scheme
consists of the iteration of three steps. First, the curestimate of the object distribution
Ok(x,y) is convolved with the PSF estimait§(x, y):

Lk(%Y) = Ok(x.y) © H(X.Y) (3.8)
The image obtained this walyk(X, y), is compared with the observed imagéx, y):
G(x.y)
R(x,y) = O H(X, 3.9
(9 = Ty @ HOY (3.9

with the PSF acting as a low-pass filter reducing the influesfdeigh frequencies on the re-
sult because those ar@fected much stronger by noise. Finally, a new estimate of tjecb
distribution is obtained by multiplying the original estite with the correction functioR(x, y):

Oks1(% Y) = Ok(X, ) ©R(X,Y) (3.10)

The convolution with the PSF suppresses high spatial fregjes, thus avoiding the amplifi-
cation of noise peaks. But also, any details of the imagde@leo high spatial frequencies,
like close binary stars, can only be observed after a highbeurof iterations £ 10%. This
already points out one big disadvantage of this method, itjte daaimount of computation time
that is required. Especially if a large number of images bdsetprocessed, or the same image
has to be processed a large number of times like for a conmgigsecorrection, this method is
slow compared to others (such as Linear Deconvolution).tReradisadvantage is the fact that
very faint sources and filuse emission close to bright sources tend to be added to thefflu
the bright source. Thisfiect can be observed as a negative residuum around brighdesour
The only way to minimize this is a very precise determinatidrihe PSF including its faint
wings. Furthermore, the filuse background of the image tends to be resolved into distoint
sources. These can be excluded by comparifigréint images, as it is done when creating the
common list anyway (se$5.1.1).
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4 Observations

4.1 General parameters

All observations used here were carried out with the NAOSNGTA (NACO) instrument at
the ESO VLT unit telescope (UT) 4 on Paranal. The bright sgjemt IRS 7 located about
6” north of Sgr A* was used to close the feedback loop of theptida optics (AO) system,
thus making use of the infrared wavefront sensor installgd WAOS. For the H- and Ks-band
observations (including intermediate band data), the sickground was determined by taking
several dithered exposures of a region largely devoid of stadark cloud 713" west and 400"
north of Sgr A*. In the Lp-band, alternating sky and objegb@sures were taken using a region
60" west and 60" north of Sgr A* to determine a largely soufiea sky.

All images were flat-fielded, sky subtracted and correctediéaghot pixels.

In order to determine the quality of individual observasipthe Strehl ratio was adopted as a
criterion. This parameter describes the ratio of the fluxa@ioed in the core of the measured
point-spread-function (PSF) in the image to that expeated theoretical PSF calculated from
telescope parameters (for a given wavelength). The Stagéiblwas determined using tisérehl
algorithm in the ESO eclipse software package

4.2 Intermediate band data

The data used for the stellar classification were taken i/Juty 2004 and April 2006 (pro-
grams 073.B-0084(A), 073.B-0745(A), 077.B-0014(A), sab.#.1 for details, datasets N1-N7
and H18), using an H band broadband filter and seven inteateedand filters. The seeing var-
ied for the diferent observations, within a range of 0.5 to 1.3". A rectdagdither pattern was
used for most observations, while some were randomly ditheFhis led to a total field-of-view
(FOV) of 40.5", corresponding te 1.5 pc.

In order to be able to separate early and late type sourceg tieé CO band depth method de-
scribed in§5.1.6, the photometry has to be accurate enough to cleamifd the feature used
for the classification (seg5.1.3). This means that the typical photometric error sthdwel much
lower than the typical depth of the classification featuee§5.1.3 for an estimate of the re-
quired accuracy). When observing a large field of view lik¢hiis case, a good AO correction
can only be achieved within thgoplanatic patchtypically a region of~10-15" for the available
data. This ffect leads to a decrease of the Strehl ratio towards the agams of the field (see
Fig.5.1). This value was computed from the PSFs determimé&@x 12 subimages of the 1B227
image (with the same PSF stars that were used in the photgm@tre Strehl values exhibit a
clear trend towards lower values at larger projected digtaifirom the guide star. Sources out-
side of the isoplanatic patch show a characteristic elimgabwards IRS 7. This is a problem
when using PSF fitting photometry, while aperture photoyngttich is less dependent on the
shape of the PSF) is faced with the problem of crowding.

4.3 Polarimetric data

The main polarimetric datasets used in this work were obthin June 2004 (H-band broad-
band filter, program 073.B-0084A, dataset P1, see Tab.#ay, 2009 (Ks-band broadband
filter, program 083.B-0031A, dataset P2) and March 2011 @s} Lp-band filters, program
086.C-0049A, datasets P16 and P18. In addition, severatipwtric Ks-band datasets con-
tained in the ESO archive (datasets P3-R1#re used, in order to expand the total FOV and

!see N. Devillard, "The eclipse software”, The messenger No-8March 1997, publicly available at
http;yAvww.eso.orgprojectgaoteclipsedistribindex.html

2Based on observations collected at the European Orgamzati Astronomical Research in the Southern Hemi-
sphere, Chile
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Figure 4.1:Ks-band image of the innermost 40.5” of the GC (ESO VLT NACQ@gm, program 073.B-
0084(A). The full image represents the FOV of the intermedizand observations. The
lines denote the polarimetric FOVs: white indicates Kséhagreen Lp-band and blue lines
H-band.

especially to also cover the bright and strongly polarizedree IRS 21. The FOV of these
datasets is rotated by 45 degrees compared to e.g. the 2008nddata.

The seeing during the 2009 Ks-band observations was ertelli¢h a value of~0.5", while
conditions during the H-band observations were less optiivith a seeing 0+~0.8". The 2011
observations in both Ks- and Lp-bandffsned from less-than-optimal conditions and variable
seeing, which in turn greatly complicated achievinfisiently accurate photometry. The larger
FOV of these data was achieved by reducing the depth compathd 2009 Ks-band (P2) and
the H-band data (P1).

The polarization measurements were taken using the Watigstsm available with NACO in
combination with a rotatable half-wave plate. I’%l{plate is available with NACO, which means
that only linear and no circular polarization can be meakuiehe two channels produced by
the Wollaston prism (Oand 90), combined with two orientations of the half-wave plate ébd
22.5), yielded four sub-images for each of several dither pmsdi In total, a field-of-view of
3"%x16.5" (Ks-band, 2009), X19” (H-band), 8%28" (Ks-band, 2011), respectively 2628”
(Lp-band) was covered. This corresponds to 0.1k @61 pc, 0.11 pe 0.70 pc, 0.30 pc
1.04 pc, respectively 0.96 pc1.04 pc (see Fig.4.1, with Ks-band FOV marked with whiterect
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Figure 4.2:Lp-band image of the innermost 20" of the GC (ESO VLT NACO imagrogram 179.B-
0261(A)). Prototypical (bow-shock) sources and locatibthe Northern Arm are indicated.
Stellar sources are marked with stars, bow-shocks areatetidy triangles.

angles, H-band with blue rectangle, and Lp-band with greetangle, also Fig.4.2).

When flat-fielding polarimetric images, it is essential faraarect calibration that the flat-field
observations are taken through the Wollaston as well, lsecthe flat-field shows variations
caused by dierent transmissivity of the channels as well &esas of the inclined mirrors be-
hind the prism (see Witzel et al., 2011). For some data-sethe archive, only flats taken
without the Wollaston are available. Depending on the psinf the source in the FOV and its
polarization parameters, this can lead to deviations ih potarization degree and angle of the
order of a few percent and 10° — 15° (see§5.2.2).

Most data used here were originally taken to examine flar&sgofA* (see e.g. Eckart et al.,
2006; Meyer et al., 2006; Zamaninasab et al., 2010), angbthjzose requires the highest possi-
ble time resolution. This is the reason whyfdiential polarimetry (channel switching) could not
be applied. This technique can eliminate or reduce manyuim&ntal &ects and thus increase
precision by rotating the imager by 9Between exposures and thus canceling théeets out
(effectively switching the 0 and 9@hannels). But this also means more time is needed for each
exposure, since two images have to be taken for one datagrairthe actual rotating takes time
as well. Due to these reasons, this technique was also ndtiusiee 2011 observations, since
the additonal time required would have further reduced tready limited depth and FOV of
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the observations.

4.4 Imaging data

For the variability study of the bow-shock sources, NACO ging data taken between June
2002 and May 2008 was used (H-, Ks- and Lp-band data contéingee ESO archive). See
Tab.4.1 for details on the individual datasets. In totalk45band datasets were used, 38 taken
in the H-band and 9 observed in the Lp-band.

Table 4.1:Details of the observations used for this woltodedenotes the wavelength filter (Kis/Lp
broad band or intermediate band, with central wavelengtimipand the type of observations
(imaging (1), Wollaston polarimetry (W or Wr, the latter Wit rotated FOV), intermediate
band filter IB?).N is the number of exposures that were taken with a given detategra-
tion time OIT). NDIT (in sec) denotes the number of integrations that were aedragline
by the read-out electronics during the observati@AM indicates the camera optics used
(S13, S27 or L27). The Strehl ratio (if given) was measurddguthe strehl algorithm of
the ESO eclipse package (see N. Devillard, "The ecllpse/\mé’, The messenger No 87

- March 1997, publicly available dittp;Avww.eso.orgprojectgaofeclipsedistrib/index.htm|
given here is the average value over all images in each datase

program date mode N NDIT DIT CAM Strehl
N1 073.B-0745(A) 2004-07-09 2.00,I1B 8 4 36 S27
N2 073.B-0084(A) 2004-06-12 2.06,IB 96 1 30 S27
N3 073.B-0084(A) 2004-06-12 2.24,IB 99 1 30 S27
N4  073.B-0745(A) 2004-07-09 2.27,I1B 8 4 36  S27
N5 073.B-0745(A) 2004-07-09 2.30,I1B 8 4 36 S27
N6 073.B-0084(A) 2004-06-12 2.33,IB 99 1 30 S27
N7 073.B-0745(A) 2004-07-09 2.36,I1B 8 4 36  S27
P1 073.B-0084(A) 2004-06-12 H,W 30 1 30 S13  0.17
P2  083.B-0031(A) 2009-05-18 Ks,W 143 4 10 Ss13 0.27
P3 179.B-0261(A) 2007-04-01 Ks,Wr 15 2 15 S13 0.13
P4  179.B-0261(A) 2007-04-03 Ks,Wr 70 2 15 S13 0.22
P5 179.B-0261(A) 2007-04-04 Ks,Wr 23 2 15 Ss13 0.17
P6 179.B-0261(A) 2007-04-05 Ks,Wr 70 2 15 S13 0.10
P7 179.B-0261(A) 2007-04-06 Ks,Wr 51 2 15 S13 0.14
P8 179.B-0261(D) 2007-07-18 Ks,Wr 130 2 15 S13 0.19
P9 179.B-0261(D) 2007-07-19 Ks,Wr 70 2 15 S13 0.08
P10 179.B-0261(D) 2007-07-20 Ks,Wr 70 2 15 S13 0.08
P11 179.B-0261(D) 2007-07-20 Ks,Wr 70 2 15 S13 0.14
P12 179.B-0261(D) 2007-07-21 Ks,Wr 51 2 15 S13  0.14
P13 179.B-0261(D) 2007-07-23 Ks,Wr 124 2 15 S13 0.08
P14 179.B-0261(D) 2007-07-23 Ks,Wr 41 2 15 S13 0.02
P15 179.B-0261(D) 2007-07-24 Ks,Wr 30 2 15 S13 0.08
P16 086.C-0049(A) 2011-03-17 Lp,W 26 150 0.2 L27
P17 086.C-0049(A) 2011-03-17 Ks,W 11 2 30 S13
P18 086.C-0049(A) 2011-03-19 Ks,W 37 2 15 S13
K1 060.A-9026(A) 2002-07-31 Ks,| 60 4 15 S13
K2 071.B-0078(A) 2003-06-13 Ks, | 102 3 5 S13
K3 071.B-0078(A) 2003-06-14 Ks, | 120 2 10 S13
K4  071.B-0078(A) 2003-06-15 Ks, | 183 1 20 S13
K5 071.B-0078(A) 2003-06-16 Ks, I 211 2 10 S13
K6 271.B-5019(A) 2003-06-19 Ks, | 223 2 10 S13

Continued on next page. ...
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Continued from previous page ...

program date mode N NDIT DIT CAM Strehl
K7 073.B-0084(B) 2004-05-07 Ks,I 48 3 10 S13
K8 073.B-0084(B) 2004-05-07 Ks,I 56 60 05 S27
K9 073.B-0775(A) 2004-07-06 Ks,| 217 2 15 S27
K10 073.B-0775(B) 2004-08-30 Ks,|I 101 2 15 S13
K11 073.B-0775(B) 2004-09-02 Ks,I 55 2 15 S13
K12 073.B-0085(C) 2004-09-23 Ks,| 115 2 15 S13
K13 073.B-0085(]) 2005-04-09 Ks,I 52 15 2 S13
K14 073.B-0085(E) 2005-05-13 Ks,I 108 60 05 S27
K15 073.B-0085(D) 2005-05-14 Ks,| 181 15 2 S13
K16 073.B-0085(D) 2005-05-16 Ks,| 185 6 5 S13
K17 073.B-0085(D) 2005-05-17 Ks,I 32 10 20 S13
K18 073.B-0085(D) 2005-05-17 Ks,I 34 15 2 S13
K19 073.B-0085(F) 2005-06-20 Ks,I 77 3 10 S13
K20 073.B-0085(F) 2005-06-20 Ks,I 24 3 10 S27
K21 271.B-5019(A) 2005-07-24 Ks,I 60 2 15 S13
K22 075.B-0093(C) 2005-07-27 Ks,| 145 4 15 S13
K23 075.B-0093(B) 2005-07-29 Ks,| 37 4 15 S13
K24 075.B-0093(D) 2005-08-02 Ks,I 78 4 15 S13
K25 073.B-0085(G) 2005-08-03 Ks,I 47 2 15 S13
K26 073.B-0085(G) 2005-08-03 Ks,I 42 60 05 S27
K27 077.B-0552(A) 2006-05-28 Ks,I 46 6 5 S27
K28 077.B-0552(A) 2006-06-01 Ks,I 88 3 10 S27
K29 077.B-0014(F) 2006-09-23 Ks,| 48 2 17.2 S13
K30 077.B-0014(F) 2006-09-24 Ks,|I 53 2 17.2 S13
K31 077.B-0014(F) 2006-10-03 Ks,I 48 2 17.2 S13
K32 078.B-0136(A) 2006-10-19 Ks,I 43 14 24 S13
K33 078.B-0136(A) 2006-10-20 Ks,I 48 14 24 S13
K34 078.B-0136(B) 2007-03-04 Ks,| 48 3 12 S13
K35 078.B-0136(B) 2007-03-17 Ks,I 48 14 24 S13
K36 078.B-0136(B) 2007-03-17 Ks,I 30 28 2 S27
K37 078.B-0136(B) 2007-03-20 Ks,I 96 2 17.2 S13
K38 179.B-0261(A) 2007-04-01 Ks,I 96 6 5 S27
K39 179.B-0261(A) 2007-04-02 Ks,I 27 1 30 S13
K40 179.B-0261(A) 2007-04-02 Ks,I 195 6 5 S27
K41 179.B-0261(A) 2007-04-03 Ks,I 48 3 10 S13
K42 179.B-0261(A) 2007-04-04 Ks,I 63 3 10 S13
K43 179.B-0261(A) 2007-04-06 Ks,I 74 6 5 S27
K44 079.B-0084(A) 2007-05-18 Ks,I 39 4 10 S13
K45 081.B-0648(A) 2008-05-28 Ks,| 167 2 20 S27
H1 070.B-0649(B) 2003-03-19 H, I 109 1 10 S13
H2 070.B-0649(B) 2003-03-20 H,I 32 1 20 S13
H3  071.B-0077(A) 2003-05-09 H,I 32 6 10 S13
H4  071.B-0078(A) 2003-06-14 H,I 96 1 20 S13
H5 071.B-0078(A) 2003-06-15 H, | 120 1 20 S13
H6 071.B-0078(A) 2003-06-16 H, | 150 1 20 S13
H7  071.B-0077(C) 2003-07-21 H,I 72 3 20 S13
H8 071.B-0077(D) 2003-09-05 H,I 32 3 20 S13
H9 071.B-0077(D) 2003-09-06 H,I 32 30 2 S13
H10 072.B-0285(B) 2004-03-29 H,I 88 3 10 S13
H11 073.B-0085(A) 2004-04-29 H,I 76 2 15 S13

Continued on next page ...
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program date mode N NDIT DIT CAM Strehl
H12 073.B-0084(A) 2004-06-11 H,I 48 2 15 S13
H13 073.B-0775(A) 2004-07-06 H,I 49 2 15 S13
H14 073.B-0775(A) 2004-07-08 H,lI 48 1 30 S13
H15 273.B-5023(C) 2004-07-29 H,lI 61 2 15 S13
H16 073.B-0085(C) 2004-09-24 H,I 17 1 25 S13
H17 073.B-0085(D) 2005-05-16 H,I 96 15 2 S13
H18 077.B-0014(A) 2006-04-29 H,I 32 28 2 S27
H19 077.B-0014(A) 2006-04-29 H,I 48 2 17 S13
H20 077.B-0014(B) 2006-05-31 H,lI 54 2 17 S13
H21 077.B-0014(B) 2006-06-13 H,I 32 11 5.225 S13
H22 077.B-0014(C) 2006-06-29 H,lI 48 2 17 S13
H23 077.B-0014(B) 2006-07-24 H,I 64 11 5.225 S13
H24 077.B-0014(B) 2006-07-27 H,I 52 1 60 S13
H25 077.B-0014(D) 2006-07-29 H,I 49 2 17 S13
H26 077.B-0014(D) 2006-08-01 H,I 65 14 2.4 S13
H27 077.B-0014(E) 2006-08-21 H,I 71 2 17 S13
H28 077.B-0014(E) 2006-08-28 H,lI 32 28 2 S27
H29 077.B-0014(F) 2006-09-16 H,lI 50 2 17 S13
H30 077.B-0014(F) 2006-10-02 H,I 48 2 17 S13
H31 078.B-0136(A) 2006-10-15 H,I 48 2 17 S13
H32 078.B-0136(A) 2006-10-15 H,I 58 14 2.4 S13
H33 078.B-0136(B) 2007-03-17 H, I 102 2 17 S13
H34 179.B-0261(A) 2007-04-04 H,I 96 3 10 S13
H35 179.B-0261(D) 2007-07-19 H,I 48 3 10 S13
H36 179.B-0261(D) 2007-07-21 H,I 96 3 10 S13
H37 179.B-0261(T) 2008-06-21 H,I 96 2 17.2 S13
H38 179.B-0261(T) 2008-06-22 H,I 48 2 17.2 S13
L1  060.A-9026(A) 2002-08-29 Lp,I 80 150 0.2 L27
L2 071.B-0077(A) 2003-05-10 Lp,I 35 300 0.2 L27
L3  073.B-0840(A) 2004-04-25 Lp,I 32 60 0.175 L27
L4  073.B-0840(A) 2004-04-26 Lp,I 122 60 0.175 L27
L5 073.B-0085(D) 2005-05-13 Lp,I 48 150 0.2 L27
L6 077.B-0552(A) 2006-05-29 Lp,I 353 150 0.2 L27
L7  179.B-0261(A) 2007-04-01 Lp,I 120 150 0.2 L27
L8 079.B-0084(A) 2007-05-22 Lp,I 194 200 0.2 L27
L9 081.B-0648(A) 2008-05-26 Lp,I 53 150 0.2 L27
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5 Photometry and calibration

The data-sets used in this work show considerably varigtinritheir quality. This led to the
exclusion of two intermediate-band filter data-sets anditg osing the best polarimetric data.
But the latter was only possible if there were indeed mudtigta-sets available for a given FOV.
This was the case for the innermos&39” in the Ks-band, which has been observed many times
over the last years. But only one polarimetric H-band datassavailable, and the Northern Arm
region has also only been observed once in the Ks-band (b8W20, March 2011 data). The
Lp-band data-set used here (obtained in March 2011 as welfjei only polarimetric NACO
data-set ever taken in that wavelength band, with the eixrept a few calibration images taken
during the commissioning process of the instrument. Uuofately, the 2011 data does not
nearly match the 2009 Ks-band or the 2004 H-band data intgu@ln the one hand, this limits
the depth that can be achieved there, while on the other, dnméhat dierent photometric
techniques have to be applied to th&etient data-sets in order to avoid specific problems and
achieve the maximum in precision that is possible for thésiddal observations.

5.1 Intermediate band data

5.1.1 Double deconvolution photometry

In order to counter the aforementioned problems and to eeh@iable relative photometry over
the entire FOV which is considerably larger than the isoglfi@rpatch, a two-step deconvolution
process was used. Deconvolution is a good way to reduceescordusion in a crowded field,
but it can only be applied satisfactorily if the PSF is veryllvkmown and uniform over the
whole field. The latter is clearly not the case here: soureards the edges of the field show
an elongation towards the guide star. This can be countgré@termining the PSF locally, but
that depends on the availability of suitable bright, isedastars. Especially the faint wings of
the PSF are easily contaminated by the flux of nearby starsioveded field like the GC.

The star that allows to determine the PSF wings with the gstarecision is the guide star itself,
IRS 7. Its brightness exceeds that of the stars in the imrteediainity by several magnitudes.
This PSF was then used in the first LR-deconvolution step. rélelting image was divided
into sub-images smaller than the isoplanatic patctx88,’ so the PSF can be regarded as uni-
form over this area) and deconvolved again with a locallyaeted PSF. The fluxes were then
measured using aperture photometry. This process is Heddrn detail in Schodel (2010a).
The individual lists of detected stars in the filters weregedrto a common list of stars detected
in all 8 filters. The number of common sources was limited lgyithage with the lowest quality
to 5914. This number includes almost all brighter sourcesgin < 16), but several extended
sources (like the bow-shock sources in the northern armeofrtimispiral) were not detected in
all filters with suficiently low photometric and position uncertainties.

5.1.2 Primary Calibration

The primary calibration done here served a dual purposeh@nrte hand, the measured counts
for each source in each band were converted into a magnialmml(te calibration). On the
other hand, the bands had to be calibrated relative to eaeh it ensure smooth spectral energy
distributions (SEDs) as they can be expected at this spaesalution (see Fig.5.3). Only
very broad spectral features like CO bandheads ag@ &bsorption bands are expected to be
observable here. Even the feature around grdGhat appears in the BOV spectrum only causes
a decrease of 0.014 mag in that filter compared to the K4.pdtsum that lacks this feature.
This can be neglected compared to other photometric unckes

Atmospheric features can also influence the shape of theureghSEDs and need to be elimi-
nated. But the most important parameter that controls thétgwf the data turned out to be the
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Figure 5.1:The strehl ratio, a value that measures the deviation of 8fesPf the sources from an ideal
PSF, decreases with the distance to the guide star.

AO performance, which is why two additional intermediatedalatasets (2.12 and 2.1#n)
were not used.

These goals were achieved by calibrating the common lisbwfces with 11 known OB stars
(see Tab.5.1 and Fig.5.2) close to Sgr A*, adopting the ifleagons of Paumard et al. (2006),
who provided a list of 90 early type stars in the central parsgtars of this type have some
emission lines in the K band (see Fig.5.3 upper right), éhg.Hel line at 2.058m, but these
lines are narrow enough to be negligible compared to theirmaunmn at the spectral resolution
of the data. Thus, the spectra of these stars can be assunbedféatureless, and they can
be described by a blackbody spectrum with #iecive temperature o£30000 K. The final
calibration has only a minimal dependence on the assurfiedtige temperature because the
Rayleigh-Jeans law is a very good approximation for the SEBobstars in the near-infrared
(using 20000 K instead leads to dfdrence of only 0.01 mag in the reference magnitudes).
Therefore, the same.{ can be used for all calibration sources.

Extinction towards the GC is significant even in the nearairdd. An extinction 0+2.5-3.0 mag
(Scoville et al., 2003; Schodel et al., 2010b) has been unedtowards the central parsec in the
Ks band. In order to minimize calibration uncertaintiegliwidual extinction values were used
for each calibration source, taken from the extinction mayvipled by Schodel et al. (2010b).
Since the extinction also depends on the wavelength, them®(2989) extinction law was used
to calculate an extinction value for each band from the baaice for the Ks band:

-1.75

2.18um

Ay = Aks X (5.1)

Using an extinction law with a fierent exponent (likel=2° as proposed by Nishiyama et al.
(2008); Schodel et al. (2010b)) would lead to a genefidled of about 0.5 mag in extinction,
but neither the relative distribution of the extinction wes nor the results of the classification

would vary, since the same extinction law is used again toffittfe individual extinction of each
source in the classification process.
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Figure 5.2:Sources used for the primary calibration. Numbers cornedpmthe numbers in the common
list, as also shown in Tab.5.1.

The continuous extincted blackbody spectra were convést@goint SEDs by multiplying them
with the transmission curve of each filter (see Fig.5.3, Ide&). By comparing these theoretical
SEDs with the measured counts of the calibration stars,ibratibn factor was calculated for
each filter to convert the observed counts of each star int@agnitude. This eliminates the
influence of any atmospheric features, since they shouldrdocall sources and thus also in
the calibration sources. The magnitude at 2ridvas adopted as the Ks-band magnitude of the

Table 5.1:Early type calibration stars, used for the primary calima{names, types and K band mag-
nitudes according to Paumard et al. (2006), approximatgegdior T+ from Allen’s Astro-
physical Quantities

name ID magK type dif
E69 61 11.32 early

E55 195 12.45 BO-1l ~ 20000
E47 219 1250 BO-3I ~ 18000

IRS16SSE1 148 11.90 08.5-9.51 ~ 32000
IRS16SSE2 199 1210 BO-0.51 ~ 20000
IRS16SSW 71 1145 08-9.51 ~ 32000
IRS 33N 58 11.22 BO.5-1I ~ 20000
E22W10 220 12.73 08-9.41l ~ 32000
E25W14 215 1258 08.5-9.51 ~ 32000
E43 126 12.10 08.5-9.51 ~ 32000
ES3 254 1231 BO-1l ~ 20000
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Table 5.2:Stellar types expected to be observable in the central pacemsidering the distance and
the extinction towards the GC. Values taken fraiften’s Astrophysical Quantitieshe types
shown here are the ones presented in that work that fall irt@bservational limits for the
central parsec.

early types magK dit latetypes magK ¢

B3la 11.80 ~16000 Mélll ~3200 10.78
ool 12.12 ~36000 M4l ~3400 12.32
orv 13.92 ~36000 M2l 3540 12.92
BOV 14.65 30000 MOl 3690 13.57
B2V 16.03 20900 K4.5I1lI ~4100 14.29
B3V 16.33 ~19000 K2.5llI ~4300 15.37
B7vV 17.51 ~13000 G8.511 ~4750 16.42
G7II ~4900 16.50
G5l 5050 16.62
G4lll ~5100 16.77
Goll ~5200 17.27

source, since this band is the closest available one to titercef the Ks-band and noffacted

by absorption features. For the classification algorithm toe analysis, extinction corrected
magnitudes were used, i.e. the measured magnitudes werBadadth the diference between
the individual extinction of each source and the averaga@ian. This step eliminates théect
that the variable extinction in the observed region has erbtiightness of the sources, which
is necessary since the ctitosed for the classification depends on the brightness ofoines

in question. This step also eliminates tHeeets of spatially variable reddening on the derived
luminosity functions. An average extinction in the cenpratsec of 3.3 mag was assumed here
(but see Schodel et al., 2010b, , who find a value of 2.5 maigg @ssteeper extinction law).

magx: = Magks — Axs + Aavg (5.2)

Here, Acs denotes the measured individual extinction of each soureeagnitudes (in the Ks
band),Aavg = 3.3 mag is the average Ks band extinction in the central pansags represents
the measured Ks band magnitude at 284

After the primary calibration, the sources within a few aasnds of Sgr A* show SEDs that
agree very well with SEDs calculated from template spedttgpical stars (Wallace & Hinkle,
1997). The optimum of the calibration is centered aroundrédggon where the primary cal-
ibration sources are located (close to Sgr A*), and not atdhe guide star. With increasing
distance from the optimum, the SEDs appear to show systenhatiations correlated over areas
of a few arcseconds size. There are unfortunately not neadugh known early type stars over
the whole field to extend the primary calibration to the whodatral parsec, so an additional
local calibration had to be introduced that makes use offematlass of stars that are easy to
identify and abundant over the whole field: horizontal brgred clump (HBRC) stars. It can
be assumed that almost all late type stars with Ks band mafgstbetween 14.5 and 15.5 are
part of this population. This leaves the problem of telligg late and early type stars. The
criterion for this is the same that is used later on in the fatadsification: the CO band depth
(CBD).

5.1.3 CO band depth as a classification feature

Since only very broad spectral features are visible at thesjoectral resolution of the data, it
is not possible to determine the exact spectral type of esiegle source. The feature used to
distinguish between early and late types is the region b2adum, where late type stars show
characteristic CO band head absorption. At the spectralutsn available here, no individual
lines or band heads are visible, but a broad feature like BeaBsorption alters the shape
of the SED in the corresponding region significantly (seeF#). The presence of CO band
heads causes a significant dip in the SED for wavelengthdegrégan 2.24:m. In general,
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Figure 5.3:Conversion of continuous spectra into template SEDs. Ulgfierk4.5 giant spectrum, the
crosses indicate the low resolution SE& = 3.3 mag. Upper right: BO main sequence
spectrumAx = 3.3 mag. Lower left: transmission curves of IB filters. Loweght: K4.5lII
and BOV template SEDs with added H band datapoint calcufabed effective temperature
and extinction.

the presence of this feature leads to the classificationeoftlurce as a late type star with this
method, while its absence makes the star an early type atedidoung stellar objects with
CO band head emission were not considered in the analysiny lfuch objects exist within the
data, they would be classified as early-type stars by theitign

This feature also sets the limit for the required photoroetdcuracy: if a late type source with a
Ks band magnitude of 15.5 is expected to show a CO bandhemadearith a depth of 0.1 mag,
this corresponds to afiierence of~11% in flux at 2.36um and less at shorter wavelengths.
Thus, the photometric error should be significantly lowemtlthat value, and the photometric
method applied here ensures that for most sources. If tbe @ra single data-point exceeded
15%, the source was excluded completely.

Table 5.3:Stars close to Sgr A* used to create the/RB template. All these sources were classified as
late type by the classification algorithm, which serves aslaar self-consistency test.

ID mag Ks ID mag Ks

3421 15.6 3253 15.7
3369 151 2260 15.3
2608 15.6 2248 15.3
2888 154 1440 14.6
3896 16.1 2206 14.6
3565 151 4448 14.8
4215 15.3 2158 15.0
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Figure 5.4:Ks-band spectra of late type stars expected in the GC. Tesesanark the corresponding
SEDs and the green solid line a fitted extincted blackbodyc#sbe seen, the CO band
heads of G giants are not deep and wide enough to have muotrioéion the low-resolution
SEDs.

The presence of this feature was determined in the followiag: an extincted blackbody £T+

= 5000 K, but se¢5.1.6 for the &ective temperatures used in the final iteration of the fitting
process) was fitted to the first 5 data-points<(2.27um). The extinction was varied in a range
of 0 to 8 magnitudes in 0.1 magnitude steps. The best fit wasechbased on the reducetiof
the fit. A third order polynomial was then fitted to the comeI8ED, with the first 5 data-points
replaced by the fitted extincted blackbody to ensure a smithAlthough it might appear
that using only the highest quality filters that are not inflced by possible additional spectral
features (like the H band and the 2.2¢# filter) would produce the best results, this would in
fact be less reliable than the method used here. Since thes@@ery crowded stellar field,
variable AO performance and related variations of the $taio can cause variations of the
measured fluxes of stars. This can easily lead to outlietsamata. Therefore, it is safer to use
a larger number of measurements instead of just two or thteesf{see§5.1.6 for the special
case of AGB stars with intrinsic #0 absorption features).

For future applications of this method, it would be prefégeto also use the intermediate band
filter centered at 2.12m. The data available at this wavelength had a low Strehd eatd thus
low photometric accuracy. Using the 2.4 filter is not advisable, since the data would be
influenced by the strong Br emission of the minispiral (e.g. Paumard et al., 2004). lulo
also be possible to make use of the available narrow bandsfilteprobe regions of special
interest in the spectra, e.g. Bremission or absorption features in early type stars or th@ 2.
um Nal absorption feature in late type stars. But for that, g eareful background subtraction
would be necessary to eliminate the strong influence of thespiral (see e.g. Eisenhauer et
al., 2005; Paumard et al., 2006, , the same problem occulnsspéctroscopy). Most important
would be achieving improved photometric stability and adeeptegration.

The shape of both the fitted extincted blackbody and the thider polynomial depend on the
local extinction, but the dierence between the extrapolated values of the two fits at 286
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Figure 5.5:CO band depth (CBD) at 2.3@m for known early type sources found in this sample (Pau-
mard et al. (2006), green) and known late type sources (Magted. (2007), red), with the
cutof lines plotted in black (derived from early type sources fordér 12”) and blue (based
on late type sources, used outside of 12”).

is only extremely weakly dependent on extinction. This wested by artificially reddening
a typical late type SED (modeling extinction values of 1.6-fhag) and applying the fitting
algorithm to it. The resulting élierence of the polynomial and the blackbody varied by less tha
0.15%, with slightly higher values for lower extinction. 0% it can be assumed that this value is
independent of the local extinction within an acceptablegimeof error, which means it can be
used as a good measure for the presence and depth of CO balsdaheahus as a classification
criterion. But in order to separate early and late type dtased on this value, which will be
termedCO band depth (CBDijp the following, a reliable cut® is needed.

5.1.4 Cutoff determination

Although one could expect from template SEDs as shown irbFdga CBD close to zero for
early type sources and greater than zero for late type ssuwdgch could be separated by a
simple general cut, the limited signal-to-noise ratio of the data, combinedhvédditional
sources of uncertainty, such as photometric errors dueu@sarowding (see e.g. Ghez et al.,
2008) led to considerable scatter in the CBD feature. Thesethe CBD values of early type
stars scatter to positive and negative values. But stil§, talue can be used as a useful tool to
reliably separate early- and late-type stars statisgicall

In order to compensate for thesétiulties, the CBD values of the sources classified by Paumard
et al. (2006); Maness et al. (2007) that are also presenisrdtitaset were compared. As can
be seen in Fig.5.5, the early- and late-type sources madtlynto separate regions when the
stellar magnitude is plotted vs. the CBD value. Howeverglage some (less than 5%) late-type
sources present in the early-type region and vice versa. mhkes it impossible to use a single
smooth cutff line, let alone a single cufbvalue for the whole magnitude range.

Almost all spectroscopically identified early-type sowa@re concentrated in the innermost
12.9". Therefore, two dierent smooth cutd lines were calculated: one that reliably sepa-
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Figure 5.6:Two examples for thefects of the local calibration. Upper right: source fitted agye
type, but the SED is noisy which is reflected in fffe Upper left: same source after local
calibration, now fitted as late type, with a much better fitwmeo right: source fitted as early
type, noisy SED, several data-points do not agree with théafigey>. Lower left: same
source, still fitted as early type, but with much better fit.

rates all known early and late type sources in the inner 0,5pd one for the outer regions
that encompassed the known late type sources there (s&5lriglhis ensures a more reliable
detection of early type stars in the outer region (where &ty ¢ype density is at best very low.
The cutdt line based on the early-type stars will underestimate thebau of early type stars,
just as using the less strict ctitbbased on the late-type stars might overestimate the nunfiber o
early type stars. Using both cifdines allows to estimate the uncertainty of this method.

It was possible to achieve a clear separation of the refersmarces with this two-cufismethod,
except a few outliers and noisy sources ($€£).

The theoretical lower magnitude limit of this method is detimed by the presence of deep
enough CO band heads so that the CBD significantly exceedghibimetric uncertainties.
This was determined from the Wallace & Hinkle (1997) spetirdée the case for M, K and
brighter G giants, corresponding tdl5.5-16 mag at the distance and extinction towards the
GC. Fainter G giants and early type stars fainter than B2 bbwest identical CBD values (see
Fig.5.4). The comparison with published spectroscopintifleations and the shape of the CBD
vs. magnitude plot (Fig.5.8) justified the adoption of a niagte limit of 15.5.

5.1.5 Local calibration

With a classification criterion and a reliable cfitin place, it was possible to apply a local
calibration that significantly improved the results.

Previously published K-band luminaosity functions of thatral parsec (e.g. Genzel et al., 2003;
Maness et al., 2007; Schodel et al., 2007) have shown thanégnitude range of 14.5to 15.5is
dominated by HERC stars outside of the innermost arcsecond. In additiendémsity of early
type stars decreases steeply outside of the innermostcarcs€Genzel et al., 2003; Paumard
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Figure 5.7:Examples of the calibration maps used for local calibratga®$5.1.5) in the 8 bands. Left:
2.00um. Right: 2.33um. A central region with a radius of 2" was excluded, the qalilon
factors were set to O there. Residuals of the rectanguleediattern that was applied in the
observations can be seen in the calibration maps.

et al., 2006; Lu et al., 2009). So even without knowing thecexgpe of every source in this
magnitude range, they can be used as calibration souragmiagsa typical late type SED. This
template was determined as the average SED of 14 manuadigtaellate type reference stars
(see Tab.5.3) located close to the optimum of the calibmaflinese stars were selected based on
the similarity of their SEDs to the expected shape.

After this, the HBRC sources in the whole field except the innermost 2” weretmdebased on
two criteria: an extinction-corrected magnitude betweérband 15.5 and a CBD value above
the cutdf. The SEDs of these sources were compared to the templaREBED corrected for
the determined individual extinction value. This yieldedadibration factor for each source in
each band. Due to the uniform distribution of HRC sources over the field, these values map
the local deviations and can be used to calibrate the SEOEswiaces. The calibration factors
were checked for outliers first. If a calibration factor exded the median over the closest 20
sources by more thars3 it was replaced by that median. On average, 20 sources ar&imed
within an area of~2 x 2", depending on the position in the field. This already letads spatial
resolution of~2”. The factors were then processed into 8 calibration mapsnimoothing the
raw maps with a Gaussian with a 2” FWHM (see Fig.5.7).

The final cutdf to be used in the actual classification procedure was ctécliia the same
way as described i§5.1.4, but with the locally calibrated values for the refe sources. This
turned out to be a minor adjustment, so the local calibrgtimeess did not have to be reiterated.
This local calibration eliminates most systematic localiggons and allows a more reliable
classification of the sources towards the outer edges ofelte(8ee Fig.5.6).

5.1.6 Source classification

The fitting process described §5.1.3 was repeated on the calibrated data. The extinction,
CBD, they? of the fitted polynomial and the uncertainty of the CBD werkglated for each
source in several iterations (see below). The redudedalue for the last five data-points of
the polynomial fit was used as a criterion for the quality @ fit. Using a reduceg? for all
eight data-points makes less sense than the method usedinerss on the one hand, the first
five data-points are replaced by the fitted blackbody for tigromial fitting, and on the other
hand, the first data-points do not have a large influence oxl#tssification anyway. In order
to allow a realistic comparison to the ctitdor the final classification, the uncertainty of the
CBD was calculated as the average root-mean-square devadtthe last five data-points to the
polynomial fit. This value deliberately ignores the indivad photometric uncertainties of the
data-points, because sources with noisy SEDs with largertaicties for the last data-points
that are crucial for the classification would otherwise hagimilar CBD uncertainty as sources
with smooth SEDs with the last data-points close to the fibledkbody. This could lead to



42

5 Photometry and calibration

mag Ks

16

18

2.36 mum diff

Figure 5.8:CO band depth at 2.36m for the sources in the central parsec of the GC, with idextifi

early type (green) and late type (red) sources, separatdeebgner (black) and outer cufo
(blue solid line).

erroneous classifications and is not desirable.
The sample of 5914 stars was separated into the followirgseta

1. Noisy sources: if the reducad of a source was higher than 1.5, this source was rated as

too noisy for classification (334 sources). The ¢utd 1.5 was chosen because it excludes
the 5% most noisy sources.

. Foreground sources: these stars are not part of the pigoutE the central parsec and

have to be removed prior to any analysis. They are easilygrézable by their low fitted
extinction value. Every source with a fitted extinction ofdethan 2 magnitudes was
rated as a foreground source here and excluded. 58 sourceslassified as foreground
sources.

. Very red objects: several very strongly reddened objdiktse.g. IRS 3) can be observed

in the field. Their SEDs are influenced by othéieets in addition to their intrinsic stellar
features, e.g. dust shells and bow-shocks. These sourgesalge excluded from the
further analysis since they cannot be compared easily tmaloearly or late type stars.
Sources with a fitted extinction of more than 5 magnitudesewaassified as such an
object (24 sources). The high fitted extinction here is jusel@ction criterion that re-
sults from the algorithm. The real extinction towards therses cannot been determined
because of the unknown intrinsic SED of the very red objects.

. Early type sources (quality 1-3): the CBD of every sourdghter than 16 magnitudes

(extinction corrected) was compared to the applicablefEitased on their distance to
the center: sources closer than 11.9” were compared to tiee autdf, while any source
further away than 11.9” was compared to the outer ffu®ources with a CBD below the
cutof were rated as preliminary early type candidates and fittathagith Tes; = 30000

K which comes much closer to the actudleetive temperatures of early type stars than
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Figure 5.9:Azimuthally averaged density of stars with noisy SEDs. Taesity profile is practically flat

over the inner 15", with a slight increase further out.

the 5000 K that were used in the initial fit. A 30000 K blackbdws a flatter slope in
this wavelength regime than a 5000 K blackbody, so the fitttid&ion and the CBD that
results from the fit also dier. The updated CBD value was compared to theftaigain.
Only sources brighter than 15.5 magnitudes (extinctiomexbded) were considered. The
extinction fitted in this iteration exceeded the previoutigeby up to~0.5 due to the
flatter slope of the blackbody. This explains the higher nitage cutdf used in the first
step. A classification of fainter sources is not possiblé wits method, because the depth
of the CO band head feature becomes too shallow (Wallace &&]in997). If the CBD
was more than @ lower than the cut and the SED was not too noisy (reduced <
1.5), the source was rated as an early type with quality hfsgquality, 277 sources). If
CBD was between 2 ands3lower than the cutid, the source was rated as an early type
with quality 2 (25 sources). Sources with a CBD&42elow the cutff were rated as early
type quality 3 (10 sources).

. Late type sources (quality 1-2): all other sources thétndit meet the cutd criterion to

qualify as an early type candidate were fitted again wigh; E 4000 K. This value is
typical for the expected late type giants. This again resuih diferent extinction and
CBD values. The uncertainties of the CBD and the reduceaf the fit were calculated in
the same way as for the early type stars. If the CBD exceededutat by more than &
and the magnitude of the source was brighter than 15.5, tiresavas rated as a late type
star, quality 1 (2955 sources), the others were rated a$ylage quality 2 (2231 sources).
The late type quality 2 sources are neglected in the anatydtse late type population,
since this method does not allow to separate them cleanhy &arly type stars any more.

. AGB stars: AGB stars are among the brightest sources ifidige Due to their prominent

H,0 absorption feature, they are usually fitted with a too flatkbodypolynomial: the
absorption feature leads to a higher magnitude at 2.00 @&l that drags the fitted
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blackbody and the polynomial "down”. This can lead to a CBDbbethe cutdf and a
classification as an early type star. To counter thisag, all sources were checked whether
or not these two data-points were more thanbkelow the fitted blackbody. If that was
the case, the fitting was repeated without them. When thétiresalassification changed,
the updated class was adopted as the better result. Putéiag dbjects in a separate sub-
category was not deemed necessary, but such a modificatidd e a way to further
improve the classification of early type stars and remowsefahndidates. Source 1049 is
a good example for thisfiect, especially since it has been identified spectroscibhpiaa

a late type source by Maness et al. (2007). This additiong@btporithm resulted in 8 less
candidates for early type stars in total, which does not ladvig) impact on the results as
a whole, although it has a noticeableet on the density distribution in the outer region
of the observed area.

Using only two diferent values for Js¢ to fit early and late type candidates turned out to be
suficient, since the variations in the fitted extinction stayéihiw +0.1mag when the minimum
respectively maximum values ford; as shown in Tab.5.2 were used for the respective classes
of objects. The extinction was only determined in steps &frlag in the first place, so this
slight uncertainty can be considered acceptable.

5.2 Polarimetric datasets

5.2.1 Deconvolution-assisted large scale photometry

For all data-sets except the 2011 data, the individual axegsvere combined to a mosaic. All
photometry was conducted on these mosaics.

Accurate photometry is crucial for polarimetry, espeyiallhen the polarization of the targets
is of just a few percent. This is the case for the sources icdéinéral parsec in the H-, Ks- and
Lp-band, and theféects of crowding and variations of the point-spread-floxc{iPSF) over the
FOV complicate photometry even more. For the very brighteesiin the FOV, such as the
IRS-16 and IRS-1 sources and the extended sources IRS-2IR&atIW, crowding is not an
issue, but saturation can lead to additional problems. Wargproblem lies in the presence of
extended structures especially in the Lp-band, as this toates the reliable detection of point
sources in the vicinity. Thesdtects have to be counteredfextively in order to achieve low
photometric errors.

For the deep high-quality data-sets (P1, P2, P4), anotlatoptetric method recently presented
by Schodel (2010a) was adopted: first, the StarFinder IDded®iolaiti et al., 2000) was used
to repair the cores of saturated sources (only necessasofoe very bright sources in the H-
band image) and extract a PSF on the full image froffigantly bright and isolated sources.
For this first step, the most suitable source would again égtide star IRS 7 itself, since it is
several magnitudes brighter than any source within seeecakconds, but this source was not
covered by the FOV of all datasets. A PSF determined fromraklRS 16 and IRS 1 sources
was used instead. Unfortunately, the most suitable of thkegeces were only contained in the
FOV of the Ks-band data, but not covered in the H-band. Sihtegrocess is designed to
determine the faint wings of the PSF accurately (see Buehdtahl., 2009; Schodel , 2010a), it
works worse the fainter the initially used PSF sources are.

This PSF was used for a linear deconvolution §&&8). Local PSF fitting photometry was then
applied by using StarFinder on overlapping sub-frames efdéconvolved image-@”"x10.6",
this generates large overlapping regions and ensuresrtbagjle bright sources are contained in
each subfield for PSF estimation). This method significarttjuces source confusion and also
minimizes systematic errors introduced by variations efgdhape of the PSF over the FOV due
to anisoplanasy. Despite the relatively small FOV, thfea still occurs since the distance and
the angle to the guide star change considerably over the field

The resulting fluxes in all four channels were normalizedn@eerage of one over all channels
for each source and then merged to a common list of sourcestddtin all channels of each
sub-frame. The sub-frame lists were then merged to a comistaof bl detected sources.
Fig.5.11 show the photometric uncertainties in the H- aneb&sd (data-set P2 only). Only
sources brighter than 16 mag (Ks-band) respectively 18 tddgphd) and with relative photo-
metric errors of less than 3% respectively 6% were used istbsequent analysis. The lower
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Figure 5.10Polarization pattern of the PSF used for the first step of #eodvolution-assisted pho-
tometry. Red: PSF determined from IRS 16 sources. Green:def&fmined from IRS 1
sources.

brightness limit was chosen in order to avoid problems withfficient completeness and unre-
liable photometry, as the errors increase drasticallydomér sources.

In order to counter theffects of the lower depth and data quality of the March 2011 (&,
P17), diferent photometric techniques were applied to these dédgsme$5.2.5).

5.2.2 Error estimation

In general, severalffects can contribute to the total flux uncertainty: the basicettainty in

the counts measured for each pixel, the fisiently determined PSF (respectively the fact that
a PSF determined from several bright sources does not fiy seerrce perfectly) and possible
effects of insiicient calibration (e.g. errors in the sky or the flat-field).

When using StarFinder, the formal flux error given by the atm represents the first of these
three contributions. The algorithm however assumes arpamtéence of all the pixels respec-
tively their measured counts. This is not the case anymara fteconvolved image. Schodel
(2010a) circumvented this problem by introducing a modiiicafactor for these formal errors
(determined by simulations). Due to theéfdrent instrument setup used here, it was not possible
to simply adopt the same factor.
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Figure 5.11Total relative flux errors of the sources detected in the Kippér frame) respectively H-
band (lower frame). Only the°Gchannel is shown here, but the error distribution is very
similar in the other three channels. The values are baseametions between the fluxes
measured for the same source dfatient dither positions. The red lines denote th&L &6
mag respectively/8% upper limits (se€5.2.2).

The second contribution stems from a variation of the PSF theeFOV. Generally, the shape
of the PSF changes with the relative position of the sourcéhéoguide star (anisoplanasy),
with greater projected distances leading to higher distast The extent of this behavior is
highly dependent on the data quality respectively the gedihe correlation factor provided by
StarFinder describes thiffect, as it measures how well a source matches the PSF, buioit is
clear how to translate this into a flux uncertainty. Therefibris dfect was estimated in another
way here: three dierent PSFs were extracted from the western, central andreasgion of
the FOV and used for PSF fitting with StarFinder. As it turned, this does not only produce
different fluxes in all 4 channels, but can also lead to a shift larjzation angle an@r degree
(depending on the source). A simild#fect can be seen when comparing fluxes and polarization
parameters measured irfidrent sub-frames of the deconvolved image.

These measurements were compared to aperture photompligdai two bright sources (IRS
16C, IRS 1C). The results are shown in Figs.5.14,5.15. Iregnthe values determined by
aperture photometry are matched better by the PSF-fittinggesahe closer the PSF reference
sources are to the source in question. The deviations cah vatues of up to 1.5% respectively
1@ even for these bright sources.

The reason for this behavior is revealed by a closer look @titividual PSFs: these show
a polarization themselves, and that pattern changes ogdr@V (see Fig.5.10, the polariza-
tion vectors are almost perpendicular in several locatiemsn in areas with significant flux).
This lead to the conclusion that the fluxes determined witheafby” PSF are more accurate
than those determined with a "distant” PSF, and therefoeeatbplication of a weighted aver-
age (based on the distance of the individual source to theagweposition of the PSF stars)
to the photometry on the deconvolved sub-images seemfigdstirhe results provide a better
match to the aperture photometry (though it has to be caedidimat the latter is problematic in
crowded regions and where large scale extended emissioadsmi, which is why this method
is not applied to the image as a whole). The standard demiafithe fluxes over the sub-frames
provides an estimate for the contribution of thifeet to the total uncertainty.

Using these error contributions to estimate the final, totadertainty is problematic: the sub-
frames are all taken from the same mosaic and are thus ngpéndent measurements, the
formal errors given by StarFinder are unreliable and gélyefiea too small for brighter sources,
and possible calibration problems (sky, flat-field) are roteced at all.

Therefore, a dferent approach was used to determine the total flux errcesaime photometric
method that was used on the full mosaic was applied to moseéeded from 8 sub-datasets,
selected based on the dither position along the East-West Biis led to sub-sets of about 15
images per dither position, and the resulting mosaics Haeame depth respectively signal-to-
noise ratio everywhere. Since the original images can laded as independent measurements,
so can the resulting mosaics, with the additional advarttzafdainter stars still have aficient



5 Photometry and calibration a7

2x10* 3x10*
n
0*  1.5x10* 2x10*

4

5000

ol
-0.01

Figure 5.12:Stokes parameters Q and U (left frame) and resulting pealtoiz degree (right frame),
measured for each pixel in a wiregrid flat-field.

signal-to-noise ratio (as compared to individual imag&$)e downside of this approach is that
all sources in the eastern- and westernmd@Stare contained in only one of these sub-mosaics.
The standard deviation of the fluxes measured in these sshiosowas then adopted as the
photometric error of each source.

The aperture photometry applied to individual frames shewgn in Fig.5.14 reveals two other
effects: the measured flux varies over the frames, and in adddithe instrumental polarization
(most prominently the "bump” in p), small variations in Q dddand subsequently p amjican

be observed. These variations correspond to the ditherrpaised in the observation, and they
probe the dierent areas of the Wollaston prism respectively the datettese deviations are
much smaller than the photometric errors, however, so theye safely neglected respectively
averaged over.

Witzel et al. (2011) determined the system-intrinsic systic uncertainty of polarimetric ob-
servations with NACO as 1% in polarization degree ahdh5polarization angle. For a source
with 5% polarization (a typical value for GC sources in theliénd), this already corresponds
to a relative error of 20%. The required accuracy of the phetoy so that the final polarimetric
errors stay below 3 times (respectively 6 times for the Hehdhe systematic uncertainty was
simulated. Higher uncertainties in the H-band can be tt@draince the higher polarization there
leads to a lower relative error for the same absolute uriogytaef the polarization degree. This
led to error thresholds of 3% in the Ks-band and 6% in the Hib&ost of the sources brighter
than 16 respectively 18 mag (K$) have errors below these thresholds (see Fig.5.11). &adsl

to the final error of the polarization parameters being daiteid by the statistical photometric
errors.

5.2.3 Photometry on extended sources

Applying the PSF fitting algorithm to extended sources ledaege residua, and a simple core
subtraction with a stellar PSF does not counter any distwstof the extended component pro-
duced by the atmosphere and the telescope. But also helgyrigigision is necessary. Therefore,
a different approach is used here: a small region of the mosaicesnags deconvolved with
the Lucy-Richardson algorithm (the "ringing” produced hg tinear deconvolution complicates
the photometry of extended features), using the PSF egtihiedm the complete mosaic. This
resulted in a much clearer view of the extended featuresHige®.2), while other sources in the
vicinity appear point-like.

The resulting images were shifted to a common referenceefraihe extended features were
then covered with overlapping apertures 7 mas radius), measuring the flux in each aper-
ture. From these fluxes, the polarization at the positiorhefdpertures was determined. For
comparison, the same method was applied to the PSF usedefdettonvolution (se5.2.4).

In addition, the total polarization of the two known exteddmurces in the FOV, IRS 1W and
IRS 21, was determined by covering them with apertures & 0&dius. This allowed a com-
parison to previous observations.
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Figure 5.13Stokes parameter Q measured at each pixel of a flat-field takbn(upper frames) and
without (middle frames) the Wollaston prism. The lower fesshow Q after dividing the
Wollaston flat-field by the flat-field taken without the Wollas. Left frames: H-band, right
frames: Ks-band.

In order to study a possible flux variability of the extendedrses (seg8.2), 45 Ks-band and 38
H-band NACO datasets contained in the ESO archive were teezh(between 2003 and 2008).
Where the bright point sources were saturated, StarFindsrused to repair their cores. Aper-
ture photometry was then applied to the extended sourcesesedal known bright non-variable
sources (see Ott et al., 1999; Rafelski et al., 2006), witlit@tal apertures placed on regions
devoid of stars close to the targets in order to get a backgrestimate. This background was
subtracted from the recovered fluxes and the result norathlia the total flux of the chosen
non-variable calibration sources for each dataset (thel®&Sources except 16SW and 16NE
and the IRS 33 sources; IRS 16NE is strongly saturated, WRiBEe16SW has been described
as an eclipsing binary and therefore shows strong flux iditiab, making it unsuitable as a
reference source, see Ott et al., 1999; Rafelski et al.,)200& uncertainty of each flux mea-
surement was estimated by repeating the aperture photometthe individual non-mosaiced
images of each dataset (which can be assumed to be indepeneasurements), and adopted
the standard deviation of the recovered fluxes as the totakfitor. Especially for bright and
isolated sources, this yields very small statistical eradrthe order of less than 0.5%. System-
atic variations of the measured fluxes in the order of aboutc&fwstill be found between the
epochs even for sources known to be non-variable on thedafeeased here (see Fig.5.16). The
latter value provides a more realistic estimate of the phetoic accuracy, so an additional flux
error of 5% was introduced for all data-points to be able fiasate real variability from noise.

5.2.4 LR deconvolution: useful for extended structures?

It is known that Lucy-Richardson deconvolution has a tewgen "suck up” surrounding flux
into a central point source (see e.g. Schodel , 2010a).ifipiedes or severely hinders the detec-
tion of faint sources close to bright ones, introduces astdac and photometric uncertainties,
and makes a reliable background estimation impossible.uBlike linear deconvolution, this
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Figure 5.14Fluxes and polarization parameters of IRS 16C plotted agdime of observation. Up-
per left: flux measured in four channels. Upper right: Q (kJaand U (red). Lower left:
polarization degree. Lower right: polarization angle. Thetted lines represent the po-
larization parameters obtained on the complete mosaic éstume photometry (red), PSF
fitting photometry using the IRS 16 stars (light blue) resgpety the IRS 1 stars (magenta),
respectively the final value after deconvolution assiste# ftting photometry (green).

method allows flux measurements on extended structureswidesaperture photometry on the
deconvolved images. Can it thus be used to measure thezatian of the extended sources in
the GC?

In order to investigate this, images of an artificial bow-atibke structure next to a point source
were created. Several other point sources witfedeént fluxes were added to simulate a crowded
field like it is found in the GC. For each filter {045°, 9¢° and 135), all fluxes were modified
by a factor calculated for generic polarization paramet¢fz= 4-5% ands = -10°-100:

The same was done for the extended feature, with a constkmization degree of 10% and the
polarization angles parallel to the bow-shock structure. aélditional foreground polarization
of 4% at -15 was then added to the extended feature. The resulting mapamasived with a
PSF extracted from the real images. A weakly position depenblackground in the shape of a
very flat two-dimensional Gaussian similar in level to thairid in the actual observations was
also added to the images.

These artificial images were deconvolved using the Luch&idson algorithm, followed by
aperture photometry on the point sources and the extendsxtse, mapping the latter with 2
pixel apertures along its length. The structure itself veasvered successfully, although slightly
widened. Fig.5.17 shows a comparison of the recoveredipatem parameters in comparison
to the input values. It appears that the only significantdatgviation occurs for the source in
the center of the extended feature: the recovered polamizdiegree is 2.6 percentage points
lower than the input value, while the polarization angle®i¢gss. This appears to be affiext of
the algorithm "sucking” flux of the extended feature into teamtral source, thereby changing its
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Figure 5.15Fluxes and polarization parameters of IRS 1C plotted agtime of observation. Upper
left: flux measured in four channels. Upper right: Q (blackyl &) (red). Lower left:
polarization degree. Lower right: polarization angle. Thetted lines represent the po-
larization parameters obtained on the complete mosaic éstue photometry (red), PSF
fitting photometry using the IRS 16 stars (light blue) respety the IRS 1 stars (magenta),
respectively the final value after deconvolution assist8g ftting photometry (green).

polarization due to the significantlyfiirent polarization of the shell. The polarization degrees
of several of the very faint point sources were also recalpoorly, while at the same time their
recovered polarization angles agreed much better withnihnat ivalues.

The values recovered for the bow-shock-feature itself sboky small deviations compared to
the input values, with a maximumftiirence in polarization degrees of 1.5-2% (less in most
cases) and 5¢7in polarization angle. The deviations are even less sigmifior the brighter
stars, with less than 0.5% and less thaninlmost cases. The fainter stars show only slighter
higher deviations. This approaches the systematic uricgesinherent to the instrument. The
Lucy-Richardson algorithm can thus be considereticgantly accurate for the purpose of de-
tecting extended features. The small variances found &oattificial "bow-shock” also indicate
the level of accuracy that can be expected for the polapzgiarameters determined§Bg.2.
Fig.5.10 shows the polarization pattern of two PSFs detexchirom diferent bright sources
in the FOV (IRS 16 and IRS 1 point sources). There are sigmifispatial variations, so these
variations must occur (to some extent) in all sources in the-adeconvolved images. Since
these sources are expected to be essentially point-lilardbétiieir light enters the atmosphere,
polarization patterns like this must be introduced by instental or atmospheridiects. This

is another reason why deconvolution is an important stege¢over polarization patterns of
extended sources successfully: the intrinsic patternddvatherwise be masked by the strong
spatial variations, with local values for the polarizatidegree of up to 15% in the PSF pattern
(although these values are much lower in the central regitntie largest flux, on the order of
1-2%). These fBects are removed by the deconvolution process.
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Figure 5.16H- (green) and Ks-band (red) lightcurve of the known norialzle source IRS 16C.

5.2.5 Large scale aperture photometry
Ks-band

Unlike the older data, where all individual images coversskeatially the same FOV in the very
center of the GC, the data taken in March 2011 sacrificed deptinder to achieve a much
greater FOV. This made mosaic photometry impractical, bseshe overlapping regions of the
images were small, which in turn led to a variable depth dveffield.

In addition, the sources detected farther away from theegatdr exhibited considerably de-
formed PSFs. They showed an elongation towards the guideastggn of strong anisoplanasy.
This dfect varied in strength between the individual exposuresouf\balf of the Ks-band ex-
posures had to be discarded because the very low data aidlitypt allow reliable photometry.
This introduced a further complication: in some cases, dea corresponding 945° images
(covering the same FOV and taken in sequence) hafligisat data quality while the other had
to be discarded. Only 21°®0° and 25 48/135 exposures were used, out of 47 taken in total.
The diterent data quality can also introdudésets in total intensity between the exposures (due
to variable AO performance), and this made it necessary moluet the photometry on each
exposure individually.

For this data-set (as well as for the Lp-band data, see belmivig PSF-fitting or deconvolution-
assisted photometry proved impractical. The guide stariR&s only covered in four of the
selected eposures, and while this star would provide arllertestimate of the PSF including
the faint wings, the variation of the shape of the PSF betweeiterent images did not allow
to use only this PSF for all other images as well. Local PSFaetibn is complicated by the
small number of suitable PSF stars in each exposure. The fegidua that are produced by
using a poorly fitting PSF in this case outweigh any advantge photometric methods
described above.

It was therefore determined that the best way to achievahieliphotometry on the individual
images was aperture photometry, using manually placeduapsrfor all sources in the FOV.
Due to the low depth of the observations, the issue of crogvidifiar less important than e.g. for
the 2009 Ks-band data, especially since precise photorigetrgt possible for fainter sources
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Figure 5.17Recovered polarization parameters for point sources filafhes) and extended feature
(right frames). The green lines indicate a deviatiordf5% respectively 5from a perfect
recovery, indicated by the black line.

(15-16 mag) anyway.

The apertures were created based on a mosaic image and emppitiied to the sources present
in each image. Only apertures fully contained in the respe&OV of each image were used
(in order to avoid problems with sources not fully contaimedhe FOV). The background for
each source was estimated using an average over four neiggplbackground apertures placed
in regions with no visible sources. This background flux waentsubtracted from the flux
measured for the source.

The resulting fluxes were used to calculate the Stokes Q aratdiyeters for each pair of@0°
and 43/135 exposures (se$b.2.6). These values were then averaged to one Q and U value fo
each source. This eliminates the bulk of ttEset in flux between individual exposures.

The flux errors were determined by calculating the FWHM of disribution of the fluxes in
the background apertures. The value

FWHM
o= ——
222

was adopted as the flux error per pixel. This led to a total flosrdor a given aperture of

(5.4)

U-aper= @XG‘ (55)

, with n as the number of pixels contained in the aperture. These fhaxsecontributed one
component to the errors calculated for Q and U (see below).5Hi8 shows these flux errors
in relation to the measured fluxes. The error distributioomgha clear dependence on the flux,
which can be expected since this is basically a Poisson @ris only sets a lower limit for the
actual uncertainty of the measured Q and U parameters. Timeam@tribution to the errors that
were determined for these values stems from the variatien several exposures (see below).
Using this technique, the fluxes of 148 sources could be medso a FOV of 8.6%27.9".



5 Photometry and calibration 53

(o TIrri T T T Illllll T T Illllll T T Illllll T T Illllll T T
N Ks—band, O degree channel i
[ ]
[ ]
~— ~ ¢ hd N
B
[ e
S
o - ) ° -
[ - .'. [ )
() O
X
> o
SN R b —
L]
O LI.?LLLL;LA_LLLLM Livir 1 1 Liss v a0 1 Ligv a0 1
10 108 10° 10* 1000 100

flux [counts]

Figure 5.18Flux errors for the 0 degree channel of the P18 data-seteplagainst the measured fluxes.
The errors were determined from the flux variations in bagckgd apertures and can there-
fore only be regarded as lower limit for the actual errorse ©ther channels show a very
similar error distribution.

Compared to the 2009 Ks-band data, the number of detectedesoper arcséds lower by a
factor of ~6. This illustrates the much lower depth and worse data tyuafithe 2011 data.

Lp-band

The Lp-band images varied much less in quality than the 20s-bahd data-set, and all expo-
sures could be used for photometry. The small overlap betwreeindividual images and the
fact that most of the FOV was only covered by a single exposade it necessary to conduct
the photometry on the individual images. This was done inal&i way to the Ks-band data-
set (see above): the sources in the FOV were covered by niamleded apertures, while the
background was determined in a 2 pixel annulus around eaafiuap. Since the background
was shifted to an average of zero for all images before§3ee?2), the residual background only
contributed a small amount to the total flux measured in epentare.

Unlike in the Ks-band data-set, each FOV was covered by twesponding 0and 45 images.
This allowed a direct comparison of the total intensity nuead for each source by adding up
the fluxes in the Dand 90 respectively the 45and 135 channels. For each image pair, the
total intensities of all sources were added and a relatilibration factor was determined:

Yi(fooi + foai)
Yi(fasi + fi35))

All fluxes measured in the 45and 135 channels were multiplied with this factor in order to
ensure the same relative flux calibration in all correspagdinages. Due to the small overlaps
between the images (the two northernmost FOVs showed ntapvatr all), a cross-calibration
over the full FOV was not possible in this way. Therefore theasured fluxes were normalized
to an average of one for each source before combining thenttonanon list of all detected
sources. This ensures that possiblffedences in flux for sources detected in more than one
exposure did not influence the polarization determinedHat $ource.

Ctotalint = (5.6)
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Figure 5.19Flux errors for the 0 degree channel of the P16 data-seteplagainst the brightness of the
sources in magnitudes. The errors were determined fromukedlriations in background
apertures and can therefore only be regarded as lower bmih& actual errors. The other
channels show a very similar error distribution.

The measured fluxes were converted into magnitudes usind.BRIE as a calibration source.
This source has an Lp-band magnitude-@t5 (Blum et al., 1996) and shows no variability in
the Ks-band (Ott et al., 1999). For a stellar point sourds,feans that no variability would be
expected in the Lp-band as well. Due to possible fltfgets between the sub-fields, this is not
an accurate absolute calibration. The resulting Lp-bangnitades have to be regarded as just
an estimate, but that is §icient for the purposes of this work.

The flux errors per pixel were determined from the FWHM of tisribution of all background
pixels of each image (see Eqg.5.4), and this value was useadolate a total flux error for each
source (see EQ.5.5). Fig.5.19 shows these errors in neltithe brightness of the sources, and
they show the expected distribution of a Poisson error. Golyces with a relative flux error of
less than 6% were used in the subsequent analysis. ffaidieely sets a lower brightness limit
of ~11 mag (see Fig.5.20).

5.2.6 Polarimetry

The polarization degree and angle of each source were datairhy converting the measured
normalized fluxes into normalized Stokes parameters:

I = 1
- fo—foo
Q B fo + fgo (57)
fa5 — f135
u = ——— 5.8
fa5 + f135 8)

0
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Figure 5.20Lp-band magnitudes of the sources detected in the polaiortkita-set P16. Black: all
sources. Green: sources with reliably measured polasizaérameters.

Since NACO is not equipped with%plate, it was not possible to measure circular polarization
However, Bailey et al. (1984) showed that the circular ppédion of sources in the GC is at

best very small, so it can be assumed here that it can be tegjland set to 0 at the available

level of accuracy. Polarization degree and angle can theletsemined in the following way:

P = J@+U2 (5.9)

U
0.5 — 5.10
0 X atan( Q) ( )

Errors for I, Q, U and subsequently p afdvere determined from the flux errors. In order to
determine whether or not the polarization of a source wasraéted reliably, the normalized
fluxes that would be expected for the determined values ofipavere calculated. The filer-
ence between these values and the measured fluxes was thearedro the photometric errors
of each data-point. The source was only classified as relidthe root-mean-square of the de-
viations did not exceed the root-mean-square of the relaihotometric errors. The subsequent
analysis is only based on these higher quality sources.ribiiod was applied to the data-sets
P1, P2, P4 and P16.

Since this method was not applicable to the March 2011 Kstofata (P18), the final errors of
Q and U as well as the reliability were determineffatiently: dQ and dU were calculated from
the photometric errors as it was done for the other dataisetshe standard deviation over the
individual values was added to this in case of multiple deias. Measurements were rated as
reliable if the error of the polarization degree did not edtéhe value of the polarization degree

(dp<p).
5.2.7 Calibration of the measured polarization

A first comparison of the Ks- and H-band measurements to knalures (Knacke & Capps,
1977, Bailey et al., 1984; Eckart et al., 1995; Ott et al., DA®vealed significantfisets, es-
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pecially in the polarization angles. Instead of the expmbciéentation along the galactic plane
(oriented~31.4 East-of-North, in the following, positive angles should fead as East-of-
North, negative as West-of-North), polarization angleslodut -5 were found. The problem
that surfaces here is that NACO was not specifically builpfaarimetry, so instrumentatiects
like this can be expected and have to be countered by a spatiaiation. Also, the observation
technique was developed for the study of short-term vdiigsi (flares) of Sgr A* and not for
high-precision polarimetry on stellar sources.

To reduce this problem, Witzel et al. (2011) developed ayéinal model of the behavior of
polarized light within NACO. It consists of Miller matris¢o be applied to the measured Stokes
vector of each source, which then yields the actual Stokesyeters of the source. In general,
any optical &ect such as reflection, transmission, polarization etchbeaescribed by a Muller
matrix. A combination of ffects as it occurs here is then represented by a multiplicatfo
the individual Muller matrices. If the necessary matedahstants and the construction of the
instrument are known, the resulting matrix can be used tafgigntly reduce systematidisets
and uncertainties. Witzel et al. (2011) show that by usiigriethod, the systematic uncertain-
ties of polarization degrees and angles can be reduceti%oand~5°. Applied to the data used
here, this causes the final accuracy being limited rathehd&photometric uncertainties than by
instrumental &ects. For a detailed description of the model and the Matlatrices themselves,
see Witzel et al. (2011).

Utilizing this new calibration model means that an actuatcti calibration can be achieved for
the first time at this resolution. Previous studies like Etkaal. (1995); Ott et al. (1999) had to
adopt a calibration based on reference values taken frorokén& Capps (1977).

The Lp-band measurements were calibrated to match the i€nfadRapps (1977) values for
IRS 3 and IRS 7. A direct comparison is possible for those tawgces, since they are bright
and isolated enough so that even at the resolution of the d&fé/confusioftontamination is
not an issue. The parameters of the calibration matrix wejested to take the wavelength
dependence of the material constants into account.

5.2.8 Correcting for foreground polarization

It can be assumed that the tot#éllest of the foreground polarization can be treated as a simple
linear polarizer with a certain orientatiahg and dficiency psg. This can be described by a
Mueller matrix:

I I’
Sobs 8 J= Mg X Sint = M¢g X 8/
V \V4

Mrot(—6") X Miin(p) X Mrot(6”) X Sint (5.11)

with Sgps as the observed total Stokes vector &yd as the Stokes vector of the intrinsic po-
larization. Mjir (p) is the Mueller matrix describing a linear polarizer, proiig a maximum of
polarization along the North-South-axis:

1 -p 0 0
-p 1 0 0
Min(P)=| o0 o 1-p? 0

0 0 0 Ji-p?

This matrix has to be rotated to the appropriate angle byiphyihg it with Mq(¢), a standard
4x4 rotation matrix: 1 0 0 0

~_| O cog2¢) sin(20') O
Miot(0') = 0 -sin(29") coq2¢’) O
0 O o 1

0" = 90° + 6¢4 has to be used in the rotation matrix, since the polarizatigled is defined here
as the angle where the flux maximum is measured, while thesarigkeference for the Mueller
matrix describing the linear polarizer is the angle wheeerttaximum in absorption occurs.
For each source to which the depolarization matrix was agpthe average of the polarization
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parameters of the surrounding point sources was used asimatesforfsg and psg.

The resulting matrix can then be inverted and multipliedhwite calibrated observed Stokes
vector of a source to remove the foreground polarizationleaeke only the intrinsic polarization.
This method was applied to the extended sources§8e8, both to their total polarization and
the polarization maps, in order to isolate their intringatapization pattern. The relevance of the
results depends heavily on the accuracy of the foregroutatipation estimate.
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6 The stellar population in the central
parsec

6.1 Stellar classification

In total, 3349 of 5914 sourcthiave been classified as either early type, late type, fouegror
very red sources. 2231 of the remaining sources are tootfaimitow a reliable classification
with the CBD method, although they can be assumed to be mastlyype sources. The SEDs
of 334 sources were too noisy and have been excluded by thsfidation algorithm.

Unless otherwise indicated, all results shown here aredbasghe sources with an extinction
corrected magnitude brighter than 15.5 (see EQ.5.2). Fowed sources have also been ex-
cluded (58 in total), since they do not belong to the popoiatf the central parsec. Very red
objects (24 sources) have also not been included in the nuafikearly or late type stars, but
have been treated as an extra class of objects. Objectssirltss can be of flerent type:
highly extincted background objects (and thus not veryveaiefor an analysis of the central
parsec), sources with dusty envelopes, e.g. IRS 3 (Pott,&(18), young stars, whose strong
winds interact with the interstellar medium in the form of\behocks (e.g. IRS 21, see Tanner
et al., 2002, 2003), or even candidates for young stellazatdj(Muzic et al., 2008) (examples
for the SEDs of these sources are shown in Fig.8.1). Tabdslthe stars in each (sub)category,
while Fig.6.1 shows the spatial distribution of the classifsources.

6.2 Comparison with spectroscopic results and uncertainty
estimation

The results of the classification were compared to the Ifsépectroscopically classified sources
provided by Paumard et al. (2006) and Maness et al. (2008 ligtpublished by Paumard et al.
(2006) contains 90 early type stars, 78 of which were coathin the list of common sources.
This discrepancy can partly be explained by the nature obkiservations used here fidirent
observation dates for the individual filters, 2 years betwddand and IB observations fi#irent
quality of the datasets): some sources (especially fastmgmbjects like S2) were not detected
at the same position in every image, not detected throudfitatk or excluded due to too large
photometric uncertainties and thus did not make it on thensomlist. The sameftects are
probably relevant for the 329 sources classified by Maneak €007), while in addition, parts
of this sample are outside of the area covered by the datahesed Only the 266 sources that
are also present in this dataset were used for comparison.

67 of the 78 known early type sources were also classifiedrastgpe here, 7 had too noisy
SEDs and 4 were classified as late type. Of these 4 sources p@mlerline cases where a clear
identification is very diicult with the CBD method (sources 224, 612 and 1772 respdygtiv
E36, E89 and E7 in the Paumard list). Source 3778 (E37 in tbenRal list) shows a clear CO
absorption feature. Paumard et al. (2006) classify thiscgoas a potential O8-9 supergiant, but
at the same time give it a K band magnitude of 14.8 and an aesoiagnitude of -3.3. This
is inconsistent with expectations, since a source of tlsscéhould be at least two magnitudes
brighter (see Tab.5.2). This source is therefore ignorethfmuncertainty estimation. This leads
to 3 out of 77 sources classified erroneously and 7 out of 7itesunot classified, which cor-
responds to 3% respectively 4%. A few well known sources like IRS 16SW and IRS 15NE
have noisy SEDs, which in the case of IRS 16SW is probably duleet intrinsic variability of
that source. But in general, noisy SEDs mostly stem fromlprob with the photometry: here,
too faint or saturated sources are the biggest issues.

1A table of all classified sources is available in electrooimif at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via httfjcdsweb.u-strasbg/fgi-birygcat?JA +A/499483
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Figure 6.1:Map of the stars in the GC. Red: late type stars. Green: egrfy¢andidates. Blue: sources
not classified. Light blue: foreground sources. Magent&reexely red objects. The radii of
the circles are linearly dependent on the extinction ceecemagnitudes of the sources.

Since the known early type sources are concentrated in tiex 5 pc, these values can be
adopted as the uncertainties of the number of early typs stghe innermost few arcseconds
identified in this work.

258 of the 266 known late type sources have been classifieateag/pes by this method. The
SEDs of 7 sources were too noisy and one was classified aggaelysource 363, 96 in Maness
list). Source 363 does not show a clear CO feature despitg beight enough, and a comparison
of the Maness and Paumard lists shows that there is an epdystyurce 0.17” from its position
(assuming that the positions given in these works use the sefarence frame). In the imaging

Table 6.1:Stars classified in the GC using the method described inBg8.

class number
early type quality 1 277
early type quality 2 25
early type quality 3 10

late type quality 1 2955
late type quality 2 2231
foreground 58
very red stars 24
noisy sources 334
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Figure 6.2:Azimuthally averaged stellar surface density plotted agfathe distance to Sgr A* for Ks
magnitudes mag; < 15.5. The green points describe the distribution of early tyjaess
while red stands for late type quality 1 stars and dark blueaflodetected stars. This also
includes stars rated as noisy and bright enough late typlétyg@asources. The early type
stars given in Paumard et al. (2006) are shown in light bluedonparison. The solid lines
indicate the power laws fitted to the data.

data that were used for this work, there is only a single sopresent at the location of source
E87 (Paumard) respectively 96 (Maness). It appediscintly isolated to rule out confusion
with another source. This leads to the assumption that Pabedal. (2006) and Maness et al.
(2007) are looking at the same source there, but classifytdardntly.

In order to derive an upper limit for the uncertainty and tthesconfidence in the CBD method,
one erroneous classification in the area covered by the SMEBservations is assumed. In
this region (north of Sgr A*, mostly outside of 0.5 pc), a tatamber of 11 sources have been
classified as early type, including the one star of dispugpd.tif one of these classifications is
assumed to be erroneous, this leads to an uncertaint@®%f for the number of early type stars
outside of 0.5 pc. This can be considered an acceptabledéeehfidence, considering the low
density of early type stars measured this far out.

To be on the conservative side, this value-6# is adopted as the uncertainty of the total number
of all early type stars, i.e. in the entire field-of-view. Hdto be considered, however, that the
low total number of sources available for the determinatibithis uncertainty level limits the
confidence in it.

6.3 Structure of the cluster

Fig.6.2 shows the projected stellar density for the totalytation, the early and late type stars.
For comparison, the projected density of the early typesgiesvided by Paumard et al. (2006)
is also shown. Only stars brighter than 15.5 mag have beesid=yed here, in order to allow a
clear separation of early and late type stars and to make pletaness correction unnecessary
(see Schodel et al. (2007)).

The projected density profile of the late type stars is pratlyi flat within a radius of~10".
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Figure 6.3:Stellar surface density of all stars brighter than 15.5 nliagdr scale, contours trace density
in steps of 20, 30 ... 90 percent of maximum density). Theitleisggiven in units of sources
per arcset

Within the innermost 5", it can even be fitted with a power lavttma positive slope, i.e. the
projected density increases with the distance to the cefités flattening or even inversion of
the projected surface density profile of the late-type stambined with the steeply increasing
density of early-type stars towards Sgr A* explains the difO band head absorption strength
found in early spectroscopic observations of low spatisbkgion (Allen et al., 1990; Sellgren
et al., 1990; Haller et al., 1996). This is discussed in tlats6.4.

A dip in the density can be observed at a radius®fthat has already been observed by Schodel
et al. (2007) in deepnfagc < 17.5) star counts. Zhu et al. (2008) also find a dip at 0.2 pc, which
corresponds to the 5” given here and in Schodel et al. (207} dip is a significant feature in
the density profiles. It is present in both the late- and egghg population, although with a low
significance in the latter, due to the small number of eambetstars. The cause for this feature
is probably extinction, since there is a ring-like area gfhéxtinction visible in the extinction
map at this distance to the center (see Fig.6.7). Since ihifedture seems to appear in two
stellar populations that are sdidirent in their age and their dynamical state and since itavoul
be very dificult to reproduce such a feature in a three-dimensionailaligion, extinction seems
to be the most likely explanation.

A steep increase of the projected density of early type stanse observed towards the center
(except in the innermost arcsecond). This also confirmsiguevobservations. Paumard et
al. (2006) proposed that the projected density of the egfg stars follows &2 power law
outside of a sharp inner edge at 1” (within the disk(s), se tailue is not directly comparable
to the findings presented here), wikhas the projected distance to Sgr A*. Lu et al. (2009)
also confirmed th& 2 power law within the clockwise disk. To allow a comparisorthwihe
values determined in this work, the projected density ofkiihewn early type sources that are
contained in the sample presented here was fitted with a dawexs well. This yielded a value
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Figure 6.4:Stellar surface density of late type stars brighter thas bfag (linear scale, contours trace
density in steps of 20, 30 ... 90 percent of maximum densitize density is given in units
of sources per arcséc

of Bret = —1.80+ 0.17. In the following, this value is adopted as a reference.

The projected early type density was fitted with a power dgyy; « RP’, excluding the inner
1". But while providing a value that agrees well with prevstupublished results (Genzel et al.,
2003; Paumard et al., 2006; Lu et al., 2009), this single pdawe does not provide a very good
fit to the data. For comparison, the projected early type itlemss also fitted with a broken
power law with a break at 10”. This minimizes the deviatiomsf the data, but it introduces an
unexplained break at 10"

B =-149+0.12
P11 = —-1.08+0.12
B1ro-200 = —3.46+ 0.58

It has to be kept in mind that the absolute number of early $§aes in the outer regions is much
lower than further towards the center, so the uncertaiatiesonsiderably larger. The value for
R > 1" agrees reasonably well with the values determined by Elestzal. (2003); Paumard et
al. (2006); Lu et al. (2009). Recent observations by Do €2&l09) 3 = 1.5 + 0.2) and Bartko
etal. (2010) 8 = 1.4 - 1.5), both using integral field spectroscopy, find projectedsitg power
laws for the early type stars that are in excellent agreenvihtthe values presented here.

At R < 17, the early type density is lower than expected from exitegpthe power law inwards.
This is a sign of the inner edge of the clockwise disk repotigdPaumard et al. (2006) and
Lu et al. (2008). In this densest part of the cluster, thdastslurface density is probably also
underestimated because source confusion will lead to ipteieness of the data (completeness
of the sources ahagc < 155 is estimated to drop te 80% within Q5” of Sgr A*). Outside
of 1", a number of early type stars (312 over the whole field parad to 90) is detected that
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Figure 6.5:Stellar surface density of early type stars brighter thab irfag (logarithmic scale, contours
trace density in steps of 2.5, 5, 10, 20 ... 90 percent of maxirdensity). The density is
given in units of sources per arcdec

is by a factor of~3 higher than in previous works. Their density profile is $&mio that of
the previously reported early-type sources. The power tetlue inner few arcseconds becomes
flatter with the additional early-type stars included, bgrteges within the uncertainties with the
previously reported values. Towards the edges of the cl(si€-20"), a steeper density profile
is observed than that presented by Paumard et al. (2006)ayltba possible that a ftierent
density law applies outside of 10", but the cause for suchempinenon is unknown. It has to
be considered, however, that the statistics for such a smaiber of stars at larger distances
are not very reliable any more. In addition, twdfdrent cutéfs were used for sources inside
and outside of 12”. This can also lead to a bias here in the hatythe early type density is
underestimated outside of 12" and overestimated withinhdisaance to Sgr A*. But thisféect
should not influence the density on the order of magnituderes here which leads to the
different slopes of the fitted power laws.

The relative stellar density of the sources rated as tooyn@ise Fig.5.9) appears to be flat
over an inner region with a radius efL5”. Outside of 15", the ratio increases, but that can be
expected since the quality of the photometry decreasesvsloatéoward the edge of the FOV.
This is probably due to the rectangular dither pattern ubat leads to shallower integration
toward the edges of the FOV.

This gives further evidence that the criteria for excludimmjsy sources as well as the local
calibration applied here are justified, since an even digion of noisy sources can be expected
from a well calibrated data-set. This is the case here, améns that the exclusion of noisy
sources does not lead to a bias in the surface density profiles

Fig.6.3 shows the two-dimensional density distributiorabbfstars brighter than mag= 15.5
and Fig.6.4 that of the late type stars of the same magnitadge; while Fig.6.5 shows the
density of the early type stars in the same way. These mays liean smoothed with a4”
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Table 6.2:Power law indices for late type stars and all classified stmgarate fit to sources inside and
outside of 6.0”

ﬂinner ﬂouter
all stars -0.22: 0.11 -0.86+0.08

late type stars 0.1 0.09 -0.70+ 0.09

Gaussian. While the late type stars show a similar disiohuds the stars in the cluster viewed as
a whole (with the exception of the central few arcsecont®) giarly type stars are concentrated
in the center. This result is not surprising since the sammebeaseen from the azimuthally
averaged density. The area in the immediate vicinity of IRBaWws a significantly lower stellar
density in all maps, because the presence of this extremiglytlsource impedes the detection
of other stars close to it.

The peak of the early type density is, as expected, locate ¢b the position of Sgr A*. The
distribution of the early-type stars appears close to tarbusymmetric, but indicates extensions
along N-S and E-W. An apparent concentration of early-typessalong these directions can also
be seen in Fig. 1 of Bartko et al. (2009).

The density distribution of the late type stars clearly shitine relative lack of late type stars in
the very center. The map also shows a correlation with tHaatdn map (see extinction map
provided in Schodel et al. (2010b) and Fig.6.7). Areas ghbr extinction show a lower density
of stars. This ffect is not visible in the early type density. But in the are#th Wigher extinction
(e.g. 5" NW of Sgr A*), the early type density is too low for shiffect to be relevant, although
a trace of it can be seen in the slight dip in the early typeitkeivsFig.6.2. The extinction has
two separateféects on the projected density: orféeet is that sources behind a lot of extinction
appear fainter, so they might be excluded by a simple magmitwtdf. This dfect has been
corrected here by using extinction corrected magnitudd® dther problem is that extinction
also impedes the detection of sources, especially in fitdislower image quality. Thisféect

of the extinction on the stellar density has not been catedlaere and was not compensated.

6.4 Evidence for giant depletion in the center

Figer et al. (2003) examined the radial velocities of 85 ials in the GC (mostly M and K
giants) and found dynamical evidence for a flattened digioh of late type stars within 0.4 pc
(~ 10™. As Figer et al. (2003) and Zhu et al. (2008) point oug tiat projected surface density
profile of the late-type stars implies in facthaledip in the 3-dimensional distribution of the
late-type stars.

Schodel et al. (2007) described the total population ofcirgral parsec with a broken power
law (break radius Reax = 6”7.0+ 17.0, 8 = —0.19 + 0.05 within Ryeak @andB = -0.75+ 0.10
outside of the break radius) for a magnitude limit of 17.78 asing completeness corrected
data. This does not allow a comparison of absolute densdiéise findings shown here, since
that dataset goes much deeper than the one used in this wirthebtrend can be confirmed
here. It also has to be considered that these results weamebton the entire population and
not separated into early and late type stars.

Broken power laws were fitted to the projected densities efldte type stars and all classified
stars (see Tab.6.2). The same break radius cf 6@ as Schodel et al. (2007) is measured,
and the power law indices for the total population also agrite the values given in that work
(-0.22£0.11 for the inner region, -0.8®.06 for R>6" in this work). What is new here, however,
is the possibility to obtain separate values for the late yppulation alone. These values give
an even stronger support to the proposed/dgten the center: a power law index of -0#0.09

is found for the outer region, while the inner region evenvgha decline towards the center
(0.170.09).

This is a very interesting result, since it shows that theviptesly observed flattening of the
density profile of the total population (Genzel et al., 199@er et al., 2003; Genzel et al., 2003;
Schodel et al., 2007; Zhu et al., 2008) is an even strongeuife in the late type population. It
can therefore be assumed that the stellar population imtierinost0.2 pc is indeed depleted
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Figure 6.6:Ks-band luminosity function of stars in the central parsEech data-point represents the
center of a magnitude bin (0.25 mag wide bins, respectivéyntag in lower right frame).
Upper left: all stars. Central left: only late type stars.wlew left: only early type stars.
Upper right: all stars within 7”. Central right: late typest within 7”. Lower right: early
type stars within 7”.

not only of bright giants, but also of fainter giants downhe tmagnitude limit of this work of
15.5 mag. These findings have more recently been confirmegmkitrescopic surveys by Do et
al. (2009) and Bartko et al. (2010): both find a similar flattgror even decline in the projected
densities of the late type stars.

Several causes for this phenomenon have been proposedetzdl€2008) dfered an explana-
tion for the under-density of late type stars within 1", olég that collisions with stellar mass
black holes and main sequence stars prevent 1;@jisints to evolve so that they are not visible
in the K band. Their simulations cannot explain the lack afliier and fainter giants.

Freitag et al. (2008) derived collision probabilities faight giants in the GC (see especially
their Fig.1). They determined that nearly all massive statisin 0.1 pc almost certainly $ier
from collisions during their time on the giant branch.

Merritt & Szell (2006) dfered yet another explanation: the infall of a second SMBH ld/ou
destroy the stellar density cusp present around Sgr A*, liwviculd then be built up again in a
time-frame of several Gyrs. This process can lead to a pedistiflat density profile, similar to
the one observed here.

Table 6.3:KLF power law indices of the dierent classified stellar types, calculated for the entirster
respectively the inner 7”
type complete cluster 7"
all 0.26+ 0.01 0.21+ 0.02
late 0.31+0.01 0.27+ 0.03
early 0.14+ 0.02 0.13+ 0.02
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Figure 6.7:Left: Extinction map of the central parsec computed fromiilially fitted extinction val-
ues. Features like the mini-cavity and the mini-spiral agtble. Right: Distribution of
extinction values in the central parsec of the GC.

Since these new results were first presented in Buchholz £&@G09), several further explana-
tions have been discussed: Merritt (2010) proposed a doembere the nuclear star cluster has
not reached a steady state yet under the influence of giramghiencounters. An initial core of
~1-1.5 pc might have evolved to its present observed sizedd pc after about 10 Gyr. Madi-
gan et al. (2011) analyzed the long-term evolution of stelystems around SMBHs under the
influence of resonant relaxation, finding that a depressiggrdduced in the very center due to
tidal disruptions (although by a factor e6 smaller than what has been observed).

6.5 K band luminosity function

The general Ks-band luminosity function (Fig.6.6) agreedl with the one presented by e.g
Genzel et al. (2003); Schodel et al. (2007). The red clump aaarly be made out at the
expected magnitude range-015.0-15.25. The 15.5 mag limit of the observations does ae¢ h
a significant &ect on this feature, since this limit only applies to the safian of early and late
type stars, while the photometric completeness limit ltes 46 mag.

The luminosity functions can be described to the first ordealpower law (fitted to the area
between 9.0 and 15.5 mag for the early- type stars, respfctivt.5 to exclude the red clump in
the other plots):

dlogN
K P 6.1)

The power law indices that resulted from this fit are shownab.&.3.Alexander & Sternberg
(1999); Tiede, Frogel & Terndrup (1995); Zoccali et al. (2DMheasured the power law slope of
the bulge population of the milky way several degrees froedbnter ag ~ 0.3, while Figer
et al. (2004) give the same value for the KLF on 30 pc scalesmarthe GC, claiming that this
value agrees very well with the theoretical KLF of an oldlarepopulation, reflecting the rate
of evolution of stars along the red giant and asymptotictgiaanch. Genzel et al. (2003) give a
value of3 = 0.21 + 0.02 for the central 9”. It is expected that for greater diséanio the center,
the slope value approaches that of the bulge.

The power law fitted here for the total population of the calnparsec is flatter than the one
attributed to the bulge population, while the value fittedtfee inner 9” matches the value of
0.21 given by Genzel et al. (2003).

The individual KLFs for the late and early types give the oeafor this deviation from the
bulge power law: since the central parsec (and even moreetiteat few arcseconds) contain a
significant number of early type stars and their KLF has a nfiatter slope £eariy = 0.14+0.02),
the resulting power law is also flatter than that of the lapetgopulation alone. The power law
fitted to the KLF of only the late type star8i{e = 0.31 + 0.01) agrees very well with the one
observed in the bulge.

Agreeing with Lebofsky & Rieke (1987); Blum et al. (1996); \bdge et al. (1997); Genzel et
al. (2003), the data point to the population in the centras@abeing an old stellar population
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Figure 6.8:SEDs of stars fitted as early type outside of 0.5 pc.

with an admixture of a young, bright component.

The fitted slope value for the inner 9” of 0.21ffdrs from the one for the total cluster, but
otherwise, the shape of the KLF there is very similar. Thigedeénce is due to the flatter slope
of the late type KLF in this region, while that of the early ¢/KLF stays the same.

Paumard et al. (2006) also presented a KLF for the early-4yaes in the disks. They also find
a flat KLF, similar to the one presented here. The significéfi¢ience is the greater sensitivity
achieved in the present work. Paumard et al. (2006) notethie#it KLF has a spectroscopic
completeness limit 0£13.5-14 mag, compared to 15.5 mag here. The fact that thddjz of
the early type KLF can be observed down to that magnitude isn@ortant new result and it
strengthens assumptions of a top-heavy mass function #imoproves the statistic relevance
of the observed flatness. Recent results by Bartko et al0j2€dem to indicate that the early
type KLF for the stars in the disk(s) points to an extremely-theavy IMF, while it would be
consistent with a standard Salpgepupa IMF for the df-disk population. This might point to
different star formation mechanisms responsible for the disk sppposed to the early type stars
located further out and the innermost population, the &sta

6.6 Extinction

The average extinction of2.5 mag towards the GC is well known (e.g. Schodel et al. @Dl
Fritz et al. (2011)), but this value varies on small scalegppyo 1.5-2 mag (Schodel et al., 2007,
2010b) and poses a significant problem for the reliable measent of apparent magnitudes,
colors and intrinsic reddening of stars. Schodel et all(®) are presenting an extinction map
based on H-K colors obtained from the same data that is usedthg the individual extinction
values obtained in this work can also be used to produce amcégh map. Fig.6.7 shows this
map. It agrees well with Schodel et al. (2010b) and exhithiesssame large scale structures,
while higher overall extinction values are found here. Is lh@a be noted, however, that the
Draine(1989) extinction law was used here and thatfizint law might apply to the GC, as
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indeed suggested by Schodel et al. (2010b); Fritz et all(R0This may lead to a systematic
offset as large as A= 0.5 mag, which should be taken into account as a possibleragsic
uncertainty when interpreting these values.

A histogram of the measured extinction values is shown ing=Ig The distribution is similar
to a Gaussian with a mean value and standard deviation of ®4. This agrees well with
previously published results (Scoville et al., 2003), whilis higher than the value published
by Schodel et al. (2010b); Fritz et al. (2011). The latter ba explained by the fierent power
law index of the extinction law derived in the these workse Hsymmetry of the histogram is
due to the exclusion of foreground stars.

Table 6.4 :Early type stars detected outside of 0.5 pandy denote the position of the star in arcsec
relative to Sgr A* magk ex: the extinction corrected K band magnitude akdthe extinction
in the K band.Quality indicates the confidence in the identification after an &ofuti visual
inspection of the SED, with A as the highest confidence and tBeamwest.

X(") y(") magkexx Ak CBD quality
-8.15 13.50 10.7 3.3 0.6D0.04

-9.59 -15.33 125 3.1 -0.69.01

15.74 12.87 13.1 2.8 0.68.03

-8.37 -11.27 13.9 2.7 -0.099.019

-8.64 -10.74 135 3.0 -0.08®.003
-10.57 -15.90 13.0 3.3 0.89.01

18.92 0.28 13.3 3.2 0.@D.01
-10.62 -9.76 13.2 3.3 0.068.017

-10.81 -10.51 141 3.0 0.60.01
13.05 14.29 13.3 3.5 0.640.02
7.39 12.29 13.3 35 0.68.01
13.13 5.08 146 2.8 -0.@D.04
19.58 -16.54 12.7 4.0 0.03P.005
443 16.11 13.9 3.4 0.028.007
9.43 9.29 13.6 3.5 -0.068.018

18.70 4.44 140 3.3 -0.68.03
-10.86 7.20 13.3 3.8 0.6®.02
11.30 8.47 140 3.4 0.018.004
17.69 3.01 140 34 0.68.01
10.91 9.44 119 47 -0.@0.03
-9.05 -11.77 152 29 -0.089.005

-12.75 9.77 128 4.4 0.89.02
17.48 11.36 13.7 3.9 0.026.008
-4.20 14.06 149 3.2 -0.68.02

1751 -8.95 148 3.4 -0.a60.01
9.89 -14.14 13.2 4.4 0.640.03
1425 -5.64 145 3.8 -0.038.005
1255 -4.19 13.2 4.7 0.68.02
-15.25 6.68 141 41 -0.09.06
-13.13 -12.44 151 3.6 -0.049.004

-5.14 -15.75 154 3.4 -0.18.02
4.49 -15.53 152 3.6 -0.#0.03
-1.16  16.91 13.8 4.5 -0.08.02

0.31 -15.30 151 3.7 -0.%D.03
8.86 9.55 154 3.5 -0.ED.02
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6.7 Early type stars outside of 0.5 pc

In addition to not only identifying the well known early tyggars in the center of the cluster,
but indeed more than tripling the number of early type caadisl in the central 0.5 pc, the
identification of 35 early type candidates more than 0.5+2(9”) from Sgr A* can also be
reported. If the previously derived uncertainty 9% (see§6.2) is applied to this value, this
leads to a number of 35 3 early type candidates outside of the inner region. Thisherms
most likely underestimated, due to the stricter @utoiterion used in this region (s€b.1.4).
Within the observed area, the distribution of these souapgesgars to be fairly isotropic, although
one has to be cautious here due to the the asymmetry of thevetseegion and the small
number of candidates. The nature of these candidates rebdscbnfirmed with spectroscopic
observations, since the CBD method can only provide a fitshate for the type.

Fig.6.8 shows four examples of what are considered verlylis@ndidates for actual early type
stars. The source in the upper right frame of Fig.6.8 doeshotv a CO absorption feature,
but still it has been labeled as a late type source in Maneds @007). Paumard et al. (2006)
seem to list it as an early type however. The other sourceesilia Tab.6.4 with quality A have
similarly smooth SEDs, while quality B and C sources are ictamably more noisy.

These findings lead to an average density of early type stédséa- 0.4) x 10”2 sourcearcseé
atR> 129",

The detection of early type stars this far out in significantbers is a new result: Paumard
et al. (2006) reported no early type stars outside of therakft5 pc, citing an lo- upper
limit of ~1072 OB stars per arcséoutside of 13" deduced from SINFONI data, but referring
to an unpublished source. Thdittiulty in identifying these stars in existing data is pointed
out by Trippe et al. (2008), who mention very limited coverayf the central cluster and data
gathered with several instruments and ifiefient epochs that is veryfilcult to compare due to
different pixel scales, Strehl ratios and completeness. THestaales have probably impeded
the detection of early type stars in the outer region of thdraé cluster until now. This new
method can provide targets for spectroscopic confirmatimseivations, allowing for a broader
search for early type candidates over a large area witheutéld to cover the whole area with
integrated field spectroscopy. Finally, it should be parbet that it is known that at least one
early-type star exists outside of the central 0.5 pc, as @éas bonfirmed by the results of Geballe
et al. (2006) on IRS 8.

Recent observations by Bartko et al. (2010, see specifitiadly Fig.1) confirm the existence
of several early type stars outside of the innermost 10hoaigh not all candidates presented
first in Buchholz et al. (2009) have been confirmét Bartko, priv. comn). But it has to
be considered that the ubiquity of bright sources with CQOdbaad absorption might contami-
nate spectroscopic results at low spatial resolution, wduminosity early type stars might be
identified as late type if only that feature is used.

As Fig.6.2 shows, there are two possible fitting solutionstiie early type density. While the
single power law fitted to the projected density of early tgpars agrees with the previously
published power law, the slopes of the broken power law shaigrificant diterence in the
outer and inner region. If a single power law distributiom ¢& assumed, this would indicate
that these stars merely represent the continuation of #teatid the f-disk population. But if
the much steeper decline outside of 10” is indeed a signifizad real feature, this might point
to a change in the population respectively so far unknoffeces on the density distribution.
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7 Stellar polarization

7.1 Ks-band polarization

7.1.1 2009 data-set (P2)

It was possible to measure reliable polarization pararsdter 194 sourcésbrighter than 16
mag in the 2009 Ks-band dataset (P2). For fainter sourcegftbtometric uncertainty becomes
too large to determine the polarization reliably, and tiisitlalso helps to avoid issues with
insuficient completeness and source crowding, which could genarhbias in averaged values.
The subsequent analysis and the comparison to the H-baadsdatly based on this dataset (no
H-band data covering the FOV of dataset P4 or/P18 are available, unfortunately).

The polarization angles in the central arcseconds mostigwiche orientation of the galactic
plane within the uncertainty limits (3I°4see Reid et al., 2004), while angles-25-30C are
found in this work), while they are slightly steepeis-15°) towards the eastern edge of the FOV
(see Fig.7.1). A small number of sources west of Sgr A* alssshsimilar steep angles, but
there are too few reliable sources there to allow any coiuriss

The distribution of the polarization angles (see Fig.7c&ydr left frame) can be fitted with a
single Gaussian, peaked at°20ith a FWHM of 3C0. Using the FWHM as a measure for the

uncertainty (witho = van(z))’ this yields6 = 20° = 13°. Using a fitting function with two

Gaussian peaks yields a significantly lower(by a factor of 3). The two peaks are fitted at
0, = 10° = 4° (FWHM of 1) respectivelyd, = 26° + 8° (FWHM of 20°). Considering the
uncertainties of the polarization angles shown in the loriggt frame of Fig.7.2, which are of
the order of up to 15 it can be questioned if these two peaks are indeed a reatéeatith the
distance between the peaks in the order of these typicakerro

The polarization degree also appears to vary over the figttl, walues of 4-5% in the central
region and 8-10% towards the eastern edge (and for somerwesterces, but with the same
caveat as for the polarization angle). Especially souncdhe area around the IRS 1 sources
show these higher polarization degrees. The logarithmieopoblarization degrees were fitted
with a Gaussian (peaked at (5£11.7)%, FWHM of 4.0%, see Fig.7.2, upper left frame), and
just as it was the case for the polarization angles, the fitquite poor. Repeating the fit with a
double Gaussian yielded two peaks at (4.6.8)% respectively (7.% 1.2)%, with FWHMSs of
1.8% respectively 2.8% and a significantly bejté by a factor of 8). The relative uncertainties
of the polarization degree are of the order of up to 30% (sg@& F, upper right frame), and this
limits the confidence in the two fitted peaks.

Comparing the two fitted Gaussian distributions for bottapaeters reveals that a similar num-
ber of stars are contained in the°lénd the 7.7% peak-@5-30%), respectively the 2@nd
4.6% peak £70-75%). This confirms the general trends found in Fig.7d iadicates that the
fitted peaks indeed correspond to a real feature.

Fig.7.10 (left frame) shows the Ks-band polarization degrplotted versus the polarization
angles, and there appears to be a trend that larger polanzd¢grees coincide with steeper
polarization angles, despite the large errors.

7.1.2 2007 data-set, rotated FOV (P4)

Reliable polarization parameters were measured for 18&esibrighter than 16 mag. This
dataset has a lower Strehl ratio (on average) than the 20@9(22% compared to 27%). No
H-band data with this FOV is available for a comparison, awesal bright sources are also
contained in the Lp-band dataset.

1A table containing the polarization parameters of all fgianeasured sources in data-sets P1, P2, and P4 is avail-
able in electronic form at the CDS via anonymous ftp to cdsestrasbg.fr (130.79.128.5) or via hffpdsweb.u-
strabg.frcgi-biryqcat?JA+A/534A117
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Figure 7.1:Ks-band polarization map of stars in the Galactic centely @tiably measured polarization
values are shown here. Black circles and red lines: dat&eBIRe circles and green lines:
dataset P4. Red circles and black lines: dataset P18). @heetiér of the circles corresponds
to the brightness of the source. Thin black lines in the bemkgd denote magnetic fields
determined from MIR data (Aitken et al., 1998, , based on & ti€am). The brightest
sources are also indicated.

The trends found here are similar to those in the main dat#éisetpolarization angles appear
aligned with the Galactic plane (see Fig.7.1), but no singkéft in polarization angle towards
the east of the FOV is observed. What can be found, howevan iacrease in polarization
degree towards the south-east, similar to the increasalfouthe 2009 data towards the east.
Both the distribution of the polarization degrees (lodariic) and the polarization angles can
be fitted with a single Gaussian withfBaient accuracy (see Fig.7.3), with peaks fitted at (4.6
+ 2.1)% respectively 26+ 8° (FWHM of 5% respectively 20. The FWHM of the distribution
of the polarization degrees is comparable to that foundHer2009 data, but a single Gaussian
provides a much better fit here. The larger uncertaintieddvoowever lead to a blurring of the
two Gaussians, if indeed two were present.

The relative errors of the polarization degree (see Figupper right frame) mostly stay below
30%, with some outlier values of up to 40-50%. This exceedsethors found for dataset 2, but
this can be expected due to the lower data quality. The efoarsd for the polarization angles
are also higher on average than those measured for dataset 2.

7.1.3 2011 data-set (P18)

Despite the much wider FOV compared to the older data, omypthlarization parameters of
131 sources could be measured reliably, but that still asae the number of sources by a factor
of 4 compared to Eckart et al. (1995) (who measured the paldoh of ~ 30 sources in this
area, while Ott et al. (1999) did not cover this region at all)

As in the deeper data-sets, the polarization angles shoexhected alignment with the Galac-
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Figure 7.2:Ks-band polarization degrees (plotted on logarithmicescapper left) and angles (lower
left) of stars in the Galactic Center (2009-05-18, dataggt Hhe red line denotes the fit
with one Gaussian distribution, while the green respelstiokie lines denote the fit with a
double Gaussian (green: sum, blue: individual Gaussidopper right: relative errors of
the polarization degrees. Lower right: absolute errordeftolarization angles.

tic plane (see Fig.7.1). There may be a trend of larger Ealdon degrees towards the north
compared to the southern center, but it is not as clear asehé found in the P2 data-set.
Fitting the distribution of the polarization angles a ss@aussian yields a peak at°207°
(see Fig.7.4, lower left frame). For comparison, the distion was also fitted with a double
Gaussian, which led to two peaks at161° and 22+ 7°. This improves the reduced by

a factor of 3, but the fact that the secondary peak lies withénFWHM of the primary peak
reduces the confidence in this feature. The distributiomefangles does notfér much from
what was found for data-sets P2 and P4, and the fitted singlsdizm peaks agree within the
uncertainties. The double Gaussian fit is also consisteifit déta-set P4. the two peaks fitted
here match the values found for the peaks in data-set P2nnatiné respectively two sigma
(peaks at 1916° respectively 2§22°).

The polarization degrees seem to show lower values towaeisduthern-central part of the
FOV, which would link up well with the results found for datat P2 (see Fig.7.1). On aver-
age, the polarization degrees are slightly higher thanetfiognd in data-sets P2 and P4 (see
Fig.7.4, upper left frame): fitting the logarithms of the gritation degrees with a single Gaus-
sian yields a peak at (644 1.3)% (which still agrees with the values found for P2 and R#iw
the uncertainties). Again, fitting the logarithmic distrilon with a double Gaussian resulted in
a lower reduced? (by a factor of 2), with peaks fitted at (5471.0)% and (8.0:2.1)%. This

is also consistent with the two peaks fitted for P4, but thesédeature found here is a lot less
pronounced than that in the P4 data-set.

The errors of the polarization angle mostly stay below (Ege Fig.7.4, lower right frame), and
this further limits the confidence in the second peak duest@mall dfset from the primary
feature. The relative errors of the polarization degreeheg to 50% (except a few outliers, see
Fig.7.4, upper right frame).
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Figure 7.3:Ks-band polarization degrees (plotted on logarithmicescapper left) and angles (lower
left) of stars in the Galactic Center (2007-04-03, dataggt Phe red lines denotes fits with
a Gaussian distribution. Upper right: relative errors efpiolarization degrees. Lower right:
absolute errors of the polarization angles.

7.1.4 Comparing the common sources

In the overlapping area of dataset P2 and P4, the sourcesfonweliable measurements could
be obtained in both datasets show very similar polarizaparameters (see Fig.7.5). The po-
larization degrees and angles of 82% of the common sources agthin 1 sigma, viewing the
parameters individually. Both parameters agree withirgtnsi for 69% of the common sources.
For 93% of the common sources, both parameters agree witkign#a, and 98% (all but one
source) show an agreement within 3 sigma.

The relation between the polarization degrees respegtihe diference of the polarization
angles of the sources in the common region of both datasetditted with a Gaussian (see
Fig.7.5), finding peaks %—1 =12+ 0.2 (FWHM of 0.5) andd, — 64 = 1° + 7° (FWHM of 17°).
The uncertainties of these values provide an estimate éogémeral accuracy of the Ks-band
measurements, so they are plotted as an errorcone in Fig.7.1

This reinforces the confidence in the measured values indaitisets. Unfortunately, the over-
lapping part of the FOVs is only about 8 arc&eand no data with a ffierent FOV exists for the
regions that show an excess in polarization degrege in both datasets.

The FOV of the 2011 data does not overlap with that of any pressNACO-observations, so
no direct comparison is possible. But since the fitted peékkeoparameter distributions and
the large scale trends (see Fig.7.1) appear very similarthifee data-sets will be treated as
consistent for the purposes of this work.

7.2 H-band polarization (P1)

Reliable results could be obtained for 163 sources brighter 18 mag. The limit of 18 mag was
chosen because this corresponds to the limit of 16 mag in $hlealdd, assuming a typical H-Ks
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Figure 7.4:Ks-band polarization degrees (plotted on logarithmicescapper left) and angles (lower
left) of stars in the Galactic Center (2011-03-19, data&&) PThe red lines denotes fits with
a single Gaussian distribution, while the green respdgtivieie lines denote the fit with a
double Gaussian (green: sum, blue: individual Gaussiddpper right: relative errors of
the polarization degrees. Lower right: absolute errordeftolarization angles.

of ~2 mag (with H-K$rinsic ~0 mag and A-Aks ~2 mag, see e.g. Schodel et al., 2010b). The
lower number of sources with reliable polarization comga@the Ks-band can be attributed
to the significantly lower Strehl ratio of the H-band datd fOcompared to 0.27 in the Ks-band)
and the slightly diferent FOV, but the latter is a minoffect. The polarization angles found here
are very similar to those in the Ks-band, but with a more unifdistribution over the FOV (see
Fig.7.6). The distribution of the polarization angles canfitted well with a single Gaussian,
peaking at 20+ 8° (FWHM of 19, see Fig.7.7, lower left frame). Fitting this distributiaith a
double Gaussian produces a slightly betterbut this can be expected for increasing the number
of fitting parameters. A single Gaussian fits the distributiath suficient accuracy, compared
to the poor fit with a single Gaussian function for the Ks-bpatrization angles. Typical errors
of the polarization angle reach about’{8ee Fig.7.7, lower right frame).

The polarization degree also appears to be quite uniform theeFOV, with typical values of
8-12%. Fitting the logarithms of the polarization degredh & single Gaussian leads to a peak
at (9.8+ 0.7)% (FWHM of 1.7%), satisfyingly matching the data (seg. Fi7, upper left frame).
The data was also fitted with two Gaussian peaks for comparisat as it was the case for
the polarization angles, this only improves the fit mardinal’he relative uncertainties of the
polarization degree are of the order of up to 40% (see Figupj@er right frame).

Unfortunately, no high-resolution H-band measurementh widiferent FOV are available for

a comparison.

As for the Ks-band, the H-band polarization degrees werggquioversus the polarization angles
(see Fig.7.10, right frame). No large scale trend is visibtgh parameters appear concentrated
around~20° respectively~9%.
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Figure 7.5:Comparison between polarization degrees (left frame) agtea (right frame) measured on
sources common to dataset P2 (2009) and dataset P4 (200ftedPdre histograms %

respectivelyd, — 64, with Gaussians fitted to both values (red lines).

7.3 Lp-band polarization (P16)

The polarization of 84 sources in the Lp-band data-set cbaldetermined reliably. Consider-
ing the size of the FOV, this number appears small comparéetdi- and Ks-band data, but
Lp-band polarimetry diers from much larger dliculties than what is encountered at shorter
wavelengths. Fig.7.8 shows that while there is an overatidrof polarization along the Galac-
tic plane (as seen in the H- and Ks-band), there is a signifiwzamber of outliers with either
strongly deviating polarization angles or much weglteonger polarization degrees than what
is expected for pure foreground polarization. Considethegycomplex structures observed in
the Lp-band in the central parsec (large-scale dust stegtibbow-shocks, embedded sources),
this is not surprising.

Despite these additional complications, the distributibpolarization angles (see Fig.7.9, lower
left frame) shows a clear peak at®2®° when fitted with a single Gaussian. A small secondary
feature might be present aB5°, and a fit with a double Gaussian indeed has a better reddced
(by a factor of 2.5). But considering the small number of searcontained in this feature com-
pared to the number of the other, more widely distributedierst this may not be a significant
feature at all. In addition, the single Gaussian fits theiistion with suficient accuracy, and it
does not dfer much from the first peak of the fitted double Gaussian.

In the same way, the distribution of the logarithms of theapahtion degrees shows a slightly
widened peak at (4.% 1.4)% (see Fig.7.9, upper left frame), which can also bedfittéh a
double Gaussian for a better reduggd(by a factor of 5). This produces a secondary peak at
~6%, but again, this may not be significant, considering ttattwof this peak and the fact that
it is within the FWHM of the fitted single peak. The single Gsias provides a ghicient fit.
Fig.7.9, upper right frame, shows the relative errors ofphkarization degree. These errors
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Figure 7.6:H-band polarization map of stars in the Galactic Centerm@kttP1). Only reliably measured
polarization values are shown here. Typical errors plateerror cone (upper right), adopted
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Figure 7.7:H-band polarization degrees (plotted on logarithmic sagiper left) and angles (lower left)
of stars in the Galactic Center (dataset P1). The red linetdsrthe fit with one Gaussian
distribution, while green respectively blue lines denbtefit with a double Gaussian (green:
sum, blue: individual Gaussians). Upper right: relativeoes of the polarization degrees.
Lower right: absolute errors of the polarization angles.

mostly stay below~60%, a value significantly larger than what was found for #lative er-
rors of the other data-sets. This again indicates the pmoblef Lp-band polarimetry (dicult
photometry combined with lower polarization degrees camgb#o the HKs-band). The uncer-
tainties of the polarization angles (see Fig.7.9, lowehtrigame) reach up te-25°, which is
also higher than what was found in the other data-sets. Thesesf the polarization parameters
further decrease the confidence in the significance of th# sewndary features found in both
distributions.

7.4 Comparison to previous results

The polarization degrees and angles of 30 sources from &etkalr (1995) and 13 sources from
Ott et al. (1999) were compared to the values determined ft@2009 Ks-band data (P2).
These two studies were calibrated based on polarizaticemmpeters determined by Knacke &
Capps (1977) and Lebofsky et al. (1982). 87% of the Eckartcesuagree with the values
presented in this study within 3 sigma in polarization dedi@nd 83% in polarization angle).
The Ott sources (with a slightly fierent FOV) show agreement within 3 sigma in 77% of the
cases for both polarization degree and angle.

A comparison with the 2011 values shows larger deviationty 47% of the 32 sources found
both in the Eckart et al. (1995) study and the P18 data-set simoagreement in polarization
degree within 3 or less. 63% of the sources show@ &greement for the polarization angles.
The FOV of this data-set and that of Ott et al. (1999) do notlape so ho comparison was
possible.

Differences between these older studies and the new measwaaeprobably be attributed to
the lower spatial resolution of the former. Both older stsdshow average polarization angles
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Figure 7.8:Lp-band polarization map of stars in the Galactic Centeta@kt P16). Only reliably mea-
sured polarization values are shown here.

generally parallel to the Galactic plane, on average atrgSpectively 30. Similar results
are found here for the much larger new sample of sources. Jdrage polarization degree is
slightly higher, but this can be expected since the inclusitlRS 7 with its polarization degree
of only 3.6% in both older surveys lowered the flux weightedrage that was calculated there
considerably.

Another aspect has to be considered here: for the first timabaolute polarimetric calibration
was applied to high angular resolution data. That such ggoeement can be found with data
where a relative calibration based on the Knacke & Capps7/)l@alues was used increases the
confidence in both this study and the results of the mentigmedous works.

There are only a few sources in the FOV of the presented @athiat can be compared directly
to the K-band results of Knacke & Capps (1977): IRS 7 is brighd isolated enough to be
detected as a single source even in the old data, while thlepliarization of the sources in the
vicinity of IRS 1W can be compared to the value given for IR8 fhie older work. IRS 3 would
also be suitable for such a comparison, but this source iutiptcontained (i.e. located on the
edge of the FOV) in any of the 2011 images.

Knacke & Capps (1977) measured a polarization of 3M3)% at 20+ 5° for IRS 7, and the
value found here matches that results quite well: £200)% at 13+ 10° have been measured
base on the 2011 data, but it has to be cautioned that thesatuof the source might influence
these results.

Inthe IRS 1 region, a flux-weighted average polarizatiodd £ 0.5)% at 14+10° is measured
in a 3.5" aperture, which matches the value given in the adtiedy ((3.5+ 0.5)% at 16 + 5°).
The flux-weighted average was calculated by summing up thedlof the individual stars
contained in the aperture for each channel and calculatiagdU (and subsequently p aéd
from these total values. This corresponds to a flux-weightedlage over Q and U.

The reason why this value is much lower than the polarizattamd generally in this area
is the contribution of IRS 1W with its large flux and an intimgpolarization that is almost
perpendicular to that of the sources in the vicinity.
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Figure 7.9:Lp-band polarization degrees (plotted on logarithmicescapper left) and angles (lower left)
of stars in the Galactic Center (dataset P16). The red linetds the fit with one Gaussian
distribution, while green respectively blue lines denbtefit with a double Gaussian (green:
sum, blue: individual Gaussians). Upper right: relativeoes of the polarization degrees.
Lower right: absolute errors of the polarization angles.

This further supports the detection of higher polarizatitagrees towards the eastern edge of
the FOV: in order for the total polarization to be on the orded% (including IRS 1W), the
surrounding sources must have a significantly higher pratian degree.

Very few H-band polarization measurements are available foomparison. The most recent
survey with an aperture not exceeding the FOV of this studg eenducted by Bailey et al.
(1984) in the J-, H- and K-band, who presented polarizatiarameters for two sources con-
tained in this study, IRS 1 and IRS 16 (treating these conagl@s a single source each, using a
3.0” aperture). That study measure@20.6% at 20 + 1° for IRS 1 respectively 1@+ 0.2% at

8° + 1° for IRS 16 in the H-band. Calculating a flux weighted averama 8.0” aperture around
the IRS 1 respectively IRS 16 sources based on the new datis yiglues of 1® + 0.5% at
15° + 10° for IRS 1 and 72 + 0.5% at 2% + 1(° for IRS 16. This agrees well for IRS 1, while
the polarization degree found for IRS 16 deviates consihgr&8ut it has to be considered that
both sources were only very poorly resolved at the time dfshady, not all IRS 16 sources are
contained in this study, and only sources with reliably meas polarization were used for the
comparison.

The polarization degrees and angles measured here areaigaiible to the larger scale polar-
ization maps presented by Nishiyama et al. (2009) in bothHthend the Ks-band. The authors
of that study find polarization angles 20 in the area around the FOV used here, which itself
is not covered due to inflicient resolution and crowding.

The situation in the Lp-band is similar to the H-band: Lekgfst al. (1982) (5.8” beam) and
Knacke & Capps (1977) (7" beam) are the only studies to daenteasured L-band polar-
ization. Only two sources can be compared directly: Knack€apps (1977) measured the
polarization of IRS 3 as (3.4 1.0)% at 18 + 8°, while they give values of (2.6 0.3)% at
43 + 5° for IRS 7. Lebofsky et al. (1982) do not provide values for IRSut measured (3.2

+ 0.5)% polarization at 13for IRS 7. The values found in the new observations for these t



80

7 Stellar polarization

theta_Ks

50

p_Ks

theta_H

50

P B S

10

p_H

Figure 7.10Polarization angle vs. polarization degree, plotted aaritigmic smoothed point density,
with typical error indicated by red bars (upper right cog)erContours were plotted to
guide the eye. Left frame: Ks-band, right frame: H-band

sources, about 30 years and several instrufiegd@scope generations later, agree relatively well:
the polarization of IRS 3 is measured as (2.1D.1)% at 160° + 0.7°, which is in very good
agreement with the Knacke & Capps (1977) value. IRS 7 exhibiolarization of (3.6 0.1)%

at 209° + 0.7°. This matches the Lebofsky et al. (1982) values better,enthi¢ measured angle
deviates from Knacke & Capps (1977). The good agreementesktipolarization parameters
shows that the calibration applied to the new data also wiarktse Lp-band.

7.5 Comparison between the wavelength bands

7.5.1 H- and Ks-band

The H-band data-set (P1) has almost the same FOV as the idsdbtarset P2 and a comparable
depth and data quality. The/Kis-band comparison is therefore only based on these twe data
sets.

By comparing the positions of the sources detected in eatzsels, 133 sources with reliable
polarization parameters could be identified in both the H} e Ks-band data. The missing
sources are mostly found outside the other data-set’s FAddition to a small number of very
fast moving sources (like the S-stars), which afédilt to identify due to the time of 2.5 years
between the H- and Ks-band observations. In addition, phetac errors tend to be higher
in the westernmost region of the FOV due to the lack of sutaitbse bright stars for PSF
determination. This leads to the number of sources witlalkdi polarization parameters being
small there. The common sources are used for the followmgyce-by-source comparison.
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Figure 7.111 eft frame: diference between H- and Ks-band polarization angle. Rightdrarelation
of H- to Ks-band polarization degree (logarithmic plot).€led line represents a Gaussian
fitted to the histograms.
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Figure 7.12:Sources detected in H- and Ks-band, separated by Ks-baadzatlon. White columns:
Pks < 6%. Red columns: g, > 6%. Uppefiower left frame: Ks-band polarization
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frame: relation of H- and Ks-band polarization degree (tdagenic plot). Lower right
frame: diference between H- and Ks-band polarization angle. Blus liapresent Gaus-
sian fits to the histograms.

The polarization angles measured in the H- and Ks-band seagree well in the center and the
western part of the FOV, while there appears to befégebin the eastern region. Fig.7.11 shows
both the dfference in polarization angle as well as the relation of H-lesdband polarization
degrees.fdy — 6ks can be fitted well with a Gaussian distribution and shows & p¢& + 8°

Table 7.1:Results of Gaussian fits to polarization parameter histogrfar the complete dataset respec-
tively sub-datasets separated basedppg respectively position along the East-West-axis.
Polarization degrees given in %, angles given in degrees.

separation value peak 10y, peak2 o
none Pk s[%6] 46 0.8 7.7 1.2
none pH[%0] 9.8 0.7

none Ok s[°] 28 3 12 6
none Ou[°] 20 8

none % 1.9 04

none 04 — Ok4[°] 2 8

Pks Pk s[%0] 46 0.6 75 1.0
Pks pu[%0] 9.3 13 121 21
Pks Oks[°] 28 6 1 6
Pks On[°] 20 6 13 6
Pk s % 20 03 1.6 0.3
Pks On — Oks[°] 5 4 4 5
E-Wpos  pks[%] 46 0.6 7.7 1.0
E-Wpos  pu[%] 93 14 11.8 21
E-Wpos 6kg[°] 29 6 10 7
E-Wpos 64[°] 21 6 13 6
E-W pos STH 20 03 1.7 0.3

E-Wpos 6y — 6ks[°] 5 4 3 5
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Figure 7.13Sources detected in the H- and Ks-band, separated by poaitag the East-West-axis.
White columns: sources less than 4.1” east of Sgr A*. Redonki sources more than 4.1”
east of Sgr A*. Uppetower left frame: Ks-band polarization degfaegle, uppgtower
middle frame: H-band polarization degfargle, Upper right frame: relation of H- and
Ks-band polarization degree (logarithmic plot). Lowethtiframe: diterence between H-
and Ks-band polarization angle. Blue lines represent Gaéiss to the histograms.

(FWHM of 20°). Considering the width of the peak, thifset is not significantly dierent from
zero. % can be fitted quite well with a log-normal distribution, peekat 1.9+ 0.4 (FWHM of
0.9). For a complete list of the fitting results, see Tab.WHi¢h also contains the values referred
to in the following paragraphs).

Assuming the two peaks found for both the polarization degned angle in the Ks-band are
real, the stars with reliable polarization parameters it bt and Ks-band were separated into
two samples: stars withks < 6% (pK~) and withpgks > 6% (pK*). Fig.7.12 shows histograms
of the diferent polarization parameters of thepihd pK" sources in the two bands, namely the
polarization degrees and anglég, — 6xs and % All histograms were fitted with a Gaussian,
and although these fits are poor in several cases, the fittdd ghow at least the trends present
in the data.

The pK" sources show systematically lower polarization angles tha pK™ sources in the Ks-
band (peak fiset of 18). The peaks fitted here match the ones fitted to the complé¢tsata
(see§7.1). A similar, yet smaller fiset exists in the H-band {¥well within the uncertainties,
and the fitted peaks also correspond to those determingd.®). Accordingly,fy — 0k also
shows an fiset of 9, but that value is relatively close to zero for both sub-glts considering
the large FWHM of the peaks.

Looking at the polarization degrees reveals similfisats: for the Ks-band, the pKpeak is
found at a polarization degree which is higher by a factor.6fthan where the pKpeak is
fitted. The relative dference found in the H-band is smaller, with the*ppeak found at a
polarization degree which is larger by a factor of 1.3 that tf the pK peak. This manifests
itself in the% histogram, which is found peaked at 1.6 forfpkand at 2.0 for pK.

Since the higher polarized pKsources are mostly found in the eastern part of the FOV (in
the general area of the Northern Arm), the sources were alied into two samples based
on their position along the East-West-axis: pK-E (sourcesenthan 4.1” east of Sgr A*) and
pK-W (sources less than 4.1” east of Sgr A*). Fig.7.13 showgtograms of the polarization
parameters for both sub-datasets. The results obtainesldhe very similar to those found for

a separation based @xs, with practically identical peaks andteets (pK-E corresponding to
pK*, pK-W to pK™).

How can these findings be explained? For interstellar p@tdn in general, the H-band po-
larization degrees are expected to be significantly lardgan the Ks-band values, while the
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Figure 7.14H- and Ks-band polarization parameters, averaged ovelbln3“along the East-West axis.
Upper left: polarization degrees, red: Ks-band, green:aHeb Upper right: polarization
angles, red: Ks-band, green: H-band. Lower Igﬁ; Lower right: 6 — 6ks.

angles in both bands should be the same within the unceesinThis is expected from both
the Serkowski law and the power law relation presented bytiMat al. (1990). According
to the semi-empirical Serkowski law, the polarization atiaegy wavelength in relation to the
polarization maximum is dependent on the wavelength wheenhaximum occurs:

P _ exp[—K x In? (/lmax)] (7.1)
pmax /l

with K = 0.01 + 1.661max (Whittet et al., 1992). It appears, however, that polaidrain the
NIR, specifically in the J-, H- and K-band, is only very weaklgpendent ofmax (Martin et
al., 1990). Keeping this in mind, and considering the albdity of only two data-points for
each source and the large FWHM of the Gaussian fi%:—stponly rough estimates can be given
here. The peak fitted to the complete dataset £1099) agrees best withiyax ~ 0.7um. Of the
two fitted peaks for the sub-datasets, the value of2007 would agree witllmax ~ 0.7um as
well, while the peak at 1.& 0.7 points to almax Which is either much smaller(0.25:m) or
larger ¢ 1.25um). Bailey et al. (1984) give a value df,ax ~ 0.80um (using J, H-and K-band
data), which approximately matches the first two values dokeare. It is stated in that work
itself that the agreement with the semi-empirical law isyaolugh. It also has to be considered
that this law was established for sources with only very waakrization in the NIR, so it does
not describe observations in that wavelength regime vetly wé this leads to the conclusion
that the presented data is clearly noffigient to give a reliable estimate for this parameter.
Using the power law relation proposed by Martin et al. (1990)

ﬁ:/l_"'_a (7.2)
Pks AKs .

yields a power law index at = 2.4 + 1.7 for % = 1.9 + 0.9, while the two sub-dataset peaks
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Figure 7.151eft frame: relation of Lp- to Ks-band polarization degrdeg@rithmic plot). Right
frame: diference between Lp- and Ks-band polarization angle. In batmés, the red
columns represent suspected intrinsically polarizedcasjwhile the white columns con-
tain sourcesfected only by the foreground polarization. The green limgsasent Gaus-
sians fitted to the histograms.

lead toa = 1.7 + 1.6 respectivelyr = 2.5 + 1.3. These values agree with the range of 1.5-2.0
given by Martin et al. (1990), although the uncertaintiesguite large. It has to be stressed that
these values have been obtained on a relatively small regidrthat a study of a much larger
region is necessary before any reliable conclusions camavendon this issue.

Fig.7.14 shows binned plots of the H- and Ks-band polanzagiarameters. Only the common
reliable sources were used for these maps, averaging tlagizatlon parameters for all the
sources contained in 1.3” wide bins along the East-West axis

The same large scale trends are seen here as the ones foeddobathe histograms, and the
first impression points towards the santfeets being present in both Ks- and H-band for both
polarization degree and angle. Looking at the pIotﬁréfandHH Ok s, however, the dferences
between the two bands become apparent: as seen in Flg—W—]JS found to be around 2-2.2
in the center and more towards 1.5-1.6 east of Sgr A*. A srrTlrIrand is visible towards the
western edge, but the number of sources is small there argl ity be an influence of edge
effects. Thedy — Ok plot also confirms the trends found earlier: dfset of~10° can be seen
in the center and the west and one-@F towards the east.

These results raise the question what could cause the elsdeviations of the polarization
parameters over the FOV, assuming those deviations aredndsl and not some sort of in-
strumental ffect that was not compensated. The comparison of the 200%Kd-dataset (P2)
with dataset P4 shows that while a similar increase in pra#ion degree exists there as well, no
accompanying shift in polarization angle is found. If thigasindeed an instrumentatect, one
would expect the same pattern in both parameters. Fig.bdwssa residue of the dither pattern
in both Q and U, but these variations are far too small to leamlgignificant deviation over the
FOV as it is observed here.

This issue cannot be solved completely without furtherilfcalion) observations, but for the
purposes of this study, it can be assumed that thed obseffesd is indeed real.

As possible explanations, two basic mechanisms come to harel

Variable LOS extinction ~ The extinction towards the central parsec is known to bectpgt
(see Schodel et al., 2010b), which in turn indicateBedént dust column densities doddust
parameters along individual lines-of-sight toward8etent regions in the FOV. This could lead
to differences in the polarization measured &tedent locations. But the situation is even more
complex. Not only the densities are important, but alsoibtssdifferent alignment in individual
dust clouds (so passing through an additional cloud on orte ¢@npared to another could even
lower the total polarization degree for that LOS). Anotheolgbem is that a smallerfiect is
found in the H-band (and thus the impact@n- 6k s and %). This would require significantly
different average dust parameters from one LOS to the otherkwhtiarn requires even more
dramatic changes for a large percentage of the individusi clouds along the LOS). Such a
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Figure 7.16Polarization degrees measured for 6 sources in ies/Hp-band. The sources are indi-
cated by the dferent colors and by the lines connecting the data-poinguice the eye).

configuration is possible, but the highly specific arrangamequired to produce a pattern as
observed here seems very unlikely.

Local influences  The area where thisfiect occurs coincides with the position of a known
local feature, the Northern Arm of the Minispiral. This fegd is clearly visible in the L-band
(see Fig.4.2), faint in Ks and not detectable in the H-barmthBhe light from the stellar sources
itself, which passes through the stream of aligned grairteeérNorthern Arm, as well as scat-
tered angbr emitted light from these grains themselves may congiltatsome extent to the
polarization measured in this region. This would have adaingpact in the Ks-band compared
to the H-band, due to the sizes and temperatures of the #davains, this far matching the
findings. The question however remains how large such aibation could be.

Under conditions as they are found in the filaments, graignatient by the Davis-Greenstein
mechanism would be almost perfect, especially due to tlemgtmagnetic fields (lower limit
of ~2 mG close to IRS 1W, see Aitken et al., 1998). By coincidetioe local grain alignment
angle in the Northern Arm matches that measured for the LQe8ipation (Aitken et al., 1998).
This means that local dichroic extinction would increasedhserved total polarization degree,
while scatteringemission would decrease it (as it is indeed found for IRS &, tselow). This
leads to the conclusion that the forméfeet, local dichroic extinction, is the most likely cause
for this dfect, although the likely extent of this contribution canbet determined from the
available data on dust parameters and configurations batig &#he LOS and in the GC itself.
This immediately leads to the next question: are these sremidored by the behavior of the
extinction measured in the FOV?

7.5.2 Ks- and Lp-band

For 37 sources, Ks-band and Lp-band polarization parambtare been measured. This is less
than half of the available Lp-band sources, but that can peagd considering the respective
fields-of-view observed in both bands (see Fig.4.1). Thatimel between Ks- and Lp-band
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Figure 7.17Polarization €iciency in data-set P2 (Ks-band, upper frames) and dataisétifand,
lower frames), compared to Ks-band extinction, plotteda@stlensity, with typical error
represented on the left. pkand pK sources shown separately in left respectively right
frames for both bands. Green lines represent the fitted plamerelation.

polarization of a source can provide a strong indicatiomtinsic polarization: fp;p is sig-
nificantly higher or lower than the value expected for fooemd polarization{0.7-0.8 towards
the GC, see Jones, 1990) or if the polarization angles destabngly between the two bands,
the source can be regarded as intrinsically polarized. €asan for this is that at least in the
foreground component, the same grains should be resperfsibthe polarization in all NIR
(and optical) bands. So a purely foreground-polarizedcshould show the same polarization
angle over these wavelength bands, and if it does not, anotingponent must be contributing.
Of the 37 common sources, 9 candidates for intrinsic pa#dna have been found based on
this method. Tab.7.2 shows the polarization parameterseo€dbmmon sources, as well as the
classification of each source as intrinsically or foregbpnlarized. Several bright intrinsically
polarized sources are examined in more deta§dr2. Fig.7.15 shows the distribution -
and the diterence between the polarization angles Most of the outiikres can be assumed
to be dfected by intrinsic polarization (plotted in red) while tthistribution of the foreground-
polarized sources shows clear peaks at0®83 ( Lp) respectively -2+ 9° (6p — 6ks). The
latter value agrees with zero within the uncertalntles ohlis expected if indeed the same grain
population (or at least grains aligned in the same diretimresponsible for the polarization at
both wavelengths. The former exceeds the value expectadtfreoretical and semi-empirical
models: while the Serkowski et al. (1975) law does not worll wmethe NIR anyway (see
§7.5.1), the model proposed by Mathis (1986) and the powerdd¢ation suggested by Martin
et al. (1990) predicts too small values as well. Jones (1886)pared these relations to data
obtained on local sources and observations on three GCemuRS 7, IRS 9 and GCS 9. The
GC sources showed an even higher excess than the local saougared to the results of
the modelgelations, Wlth L" around 0.7. This is confirmed here for a much larger number
of sources, while the cause remains uncertain. As suggéstelbnes (1990), polarimetric
observations at even longer wavelengths and spectrop@tic observations in the Lp-band
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Figure 7.18Polarization éiciency in data-set P4 (Ks-band, upper frames) and dataise(ks-band,
lower frames), compared to Ks-band extinction, plotteda@stgiensity, with typical error
represented on the left. gkand pK sources shown separately in left respectively right
frames for both bands. Green lines represent the fitted plamerelation.

might help to answer this question, but such measuremea@rgthing but easy.

7.5.3 Sources found in H-, Ks- and Lp-band

Only 6 sources were detected in all three bands. The smalrd--OV and the low depth
of the Lp-band data are the limiting factors here. See Taliof. the polarization parameters
found for the individual sources. The polarization angigiea well within the uncertainties for
each source, which indicates that these sources ardfaoteal by intrinsic polarization in these
wavelength bands and that their polarization can be trezteagipical for the LOS towards the
GC. Fig.7.16 shows the measured polarization degrees égeth sources. While the relation
between the H- and Ks-band values matches the expectatmmsttie Serkowski et al. (1975)
law and the Martin et al. (1990) power-law relation (as désad for a broader sample including
these sources i§7.5.1), the Lp-band polarization is higher than what wowddeRpected from
both laws (as found i§7.5.2 for all sources common to Ks- and Lp-band).

7.6 Correlation with extinction

The H- and Ks-band polarization values were compared to ttiacion map presented by
Schodel et al. (2010b). Fig.7.17 shows the polarizatiﬂﬁmiencyﬁ—‘: for the data-sets P1 and
P2 plotted against the Ks-band extinctifps taken from the extinction map at the location of
each source. As it turns out, almost the same distributioAx@fis found for the pK and the
pK~ sources (see Fig.7.20), which in turn leads to &isat between the two sub-datasets in
polarization &iciency. They are therefore plotted separately in Fig.7.17.

For the sources found in the P4 and P18 data-sets, a cleaagepanto two distinct groups of
sources based on the Ks-band polarization is not as eviddot the P2 data-set, but the polar-
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ization degrees still show a wider distribution than theclgeaks of the P2 distribution. In order
to investigate if this coincides with artfeet in polarization ficiency as well, a separation at 6%
(P4) respectively 7.3% (P18) was also introduced here gusia pkt and pK nomenclature
for this separation as well) . These values were chosen lmsE@ys.7.4 and 7.3. Sources with
less than 3% polarization were exluded, since this low valdieates either a foreground source
or intrinsic polarization perpendicular to the foregroyedy. in IRS 1W and 10W, s€8.2). In
both of these cases, a comparison with an extinction mapdwailproduce meaningful results.

Table 7.2:Polarization parameters of the sources detected in the i&-Lp-band. ID indicates the
number of the source in the list contained in tminematerial.Classgives the classification
of the source as intrinsically or foreground polarized.

ID  pks[%  ppl%  6ks[1  6,p[7] Class

1 26706 3.3x0.6 3511 12+ 8 foreground
2 427+06 4.5+£09 25+5 22+ 7 foreground
5 8.19+ 1.0 6.6+x1.6 8+6 20+ 9 foreground

7 7.77+0.8 5.7+2.3 5¢5 26+ 14 foreground

8

1

764+08 7.1+1.7 11+5 24+ 8 foreground
1 6.07+0.8 4.4+09 11+5 16+ 8 foreground
12 391+0.8 38+1.1 26+10 25+10 foreground
184 7.49+05 43+24 11+5 4+ 24 foreground
187 4.84+0.8 3.8+05 19+8 18+ 5 foreground
195 2.94+09 4.2+05 26+16 20+ 5 intrinsic
196 2.66:09 35+16 17+17 -6+23 intrinsic
197 3.90+1.0 4.1+08 24+9 25+ 6 foreground
199 2.06:0.9 49+3.0 4+19 -20+21 intrinsic
201 6.20+0.9 51+3.1 26+5 21+22 foreground
284 3.12+0.7 6.1+0.7 20+14 21+ 5 intrinsic
300 2.77+0.8 3.2+0.5 24+11 19+ 5 foreground
305 5.01+0.7 39+28 25+5 28+25 foreground
389 559+05 52+05 30+5 18+ 5 foreground
399 7.4+05 8.8+09 13+5 25+ 5 intrinsic
400 5.19+05 4.0+31 17«5 35+23 foreground
401 54+05 18+05 24+5 14+ 5 intrinsic
403 2.10£0.5 0.9+0.5 65 -61+5 intrinsic
404 5.40+05 4.7+05 28+5 22+ 5 foreground
405 4.72+05 56+1.2 28+5 22+ 7 foreground
406 5.29+05 5.3+27 32+5 18+17 foreground
407 5.6+05 6.1+2.7 30+5 -29+16 intrinsic
411 6.41+09 48+24 15«5 26+17 foreground
412 6.73+0.5 6.0+35 20«5 42+16 foreground
413 7.52+0.6 5.0+31 12+5 -14+24 foreground
414 6.80+0.5 3.8+1.1 18+5 11+13 foreground
421 554+05 3.1+1.3 22+5 13+19 foreground
422 6.48+05 43+11 18+5 24+ 9 foreground
424 547+0.6 3.9+2.0 19+5 10«23 foreground
427 28705 3.6+05 13+10 21+5 foreground
432 593+49 3.6+11 24+10 19+12 foreground
515 5.78+4.8 3.7+0.5 10«15 16+ 5 foreground
526 2.29+05 7.8+39 16+8 70+ 13 intrinsic
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Figure 7.19Polarization éiciency over three Ks-band data-sets (P2, P4 and P18), ceohfzaiKs-band
extinction, plotted as point density, with typical erropresented on the left. pkand pK

sources shown separately in left respectively right fra®@eeen lines represent the fitted
power-law relation.

In all cases, the distributions can be fitted with a power law:

Pa
EOC Ks

, yielding the following power law indices:

(7.3)

Bpr1- =-06+06
Bp2- =-04+04
Bpa— =-0.9+02
ﬂPl&— =-14+03
Bp1+ =-04+15
,3p2,+ =-05+0.7
,3p4,+ =-13+0.3
Bpia+ = -1.0+£0.5

Despite the large errors which stem from considerable escaftthe parameters, the pkand
pK~ values match the relation found by Gerakines et al. (1998hfoTaurus dark cloud as well
as the results of Whittet et al. (2008) for Ophiuchus (botthinKs-band). This is not directly
comparable, since the GC is obscured by more than one dust wlith possibly diferent dust
alignment. A more general study by Jones (1989), examiniagya number of sources covering
a range in optical depth of about a factor of 100, finds a poaerrelation withg ~ —0.25.
In that study, the author proposed a model where the magfieliicalong the LOS consists
of a constant and a random component (see also Heilis, 18818, leading to dferent grain
alignment in each section along the LOS. This reproducefiritiangs in that study quite well,
and it is also consistent with the results presented heténtite uncertainties.

Compared to the pi~ values, a significantfset in polarization @iciency is detected for the

Table 7.3:Polarization parameters of the 6 sources detected in aktwavelength bands (H, Ks, Lp).
name P [%]  pPks[%]  ppl%]  On[] Oks[]  Op[°]
IRS 1C 104+ 16 8.2+1.0 6.6+1.6 8+1 8+6 20+9
IRS1SE2 14417 7.6+£08 7.1+17 12+3 11+4 24+8
IRS1SE3 11.32.1 6.1+08 44+09 19+6 11+3 16+8
IRS 16C 52423 43+05 45+09 19+10 265 22+7
IRS16NW 6.0+2.6 39+0.7 38+11 17+12 25+8 25+10
IRS 35 10024 6.2+09 51+31 23+8 26+5 21+22
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Figure 7.20Ks-band extinction for sources withcp < 6% (open columns) respectively$ > 6%
(filled columns).

pH/K™* sources, while the underlying power law appears to be vemjasi This might indicate
that the additional polarization is indeed caused by a looatribution, likely by dust in the
central parsec itself. In order to produce such a deviationgathe LOS, a very specific and
therefore unlikely dust configuration would be requiredhds to be noted, however, that the
offsets found for the P4 and P18 sources are smaller comparee R2tsources, and this limits
the confidence in this conclusion.

The distribution of the polarizatiortleciency combined for the three Ks-band data-sets is shown
in Fig.7.19. Fitting a power law to the polarizatioffieiency leads to

ﬁtotaL_ = _11 + 02
Brotal+ = —1.3£0.2

These values agree with the results found for the individiagh-sets within the uncertainties.
A similar offset between the higher and lower polarized sources is alswfbere, but there is

a considerable overlap between the sub-groups. This stemstiie diferent selection criteria

applied to the dferent data-sets.
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8 Bow-shocks and dusty sources in the
central parsec

8.1 Extremely red objects

Several stars in the central parsec show an SED that candabiith an extinction on the order
of Aks ~5-6 mag. This is caused by a very red spectrum, which may badication either
for local dust (if the source is enshrouded in a dusty shelfppa source viewed through the
material in the central parsec (and thus located behind € KMom the observers point of
view). Bright dust-enshrouded sources usually appeandgtein the NIR (depending on local
conditions like dust temperature and optical depth, IRSo2 Instance appears as an unremark-
able point source in the H-band compared to the Ks- and Lpkbahile IRS 1W shows an
extended structure in all of these three bands). Unforelyathe photometric methods applied
to produce the intermediate-band SEDs do not work well oh sxtended sources. However,
several of these prominent objects have been studied epegpiically in previous works already
(e.g. Krabbe et al., 1995; Moultaka et al., 2004, 2009), ifipatly IRS 1W and IRS 21, where
featureless red spectra were found in the NIR.

8.2 Examining the extended sources

The polarimetric data presented here covers several eighhded sources in the central par-
sec: IRS 1W, IRS 5, IRS 10W and IRS 21. In addition, the MIResscsource IRS 5NE (Perger
et al., 2008, Ks- and Lp-band) and the sources in the IRS 2 lsonape examined in the follow-
ing (only Lp-band available, these sources are located @giam of strong extended emission).
Other bright MIR sources, like IRS 3, IRS 9 and IRS 12, do netséo show intrinsic polariza-
tion.

IRS 1W is contained in the H-, Ks- and Lp-band data, while tteis have only been observed
in the Ks- and Lp-band. IRS 1W shows a clear horseshoe shaids azpected for a bow-shock
source in high-quality Ks-band images, while the other sesiiappear more blurred. Due to its
large apparent polarization, IRS 21 would be interesting jaslarimetric calibration source, but
only if the polarization is not variable. In order to furth@nstrain the nature of these sources,
a flux variability analysis was conducted on IRS 21 and otlezreled sources in the FOV of
the polarimetric data and several NACO imaging datasetghwhere taken between 2002 and
2009 in the H-, Ks- and Lp-band.

8.2.1 IRS 1W

Source morphology

IRS 1W shows the characteristic horseshoe-shape of a bowksource (see e.g. Tanner et
al., 2005). This shape can already be made out in the raw Bnége it becomes even more
apparent in a Lucy-Richardson deconvolved image (usingFadbfained from bright IRS 16
sources, see Fig.8.2). The observed shape agrees very itvethe relative velocities of the
streaming material of the Northern Arm (Lacy et al., 1991thatlocation of the source and the
proper motion of IRS 1W itself (Schodel et al., 2009, vetiesi plotted in Fig.8.2).

Spatially resolved polarimetry

The total polarization of IRS 1W was measured as E1@B5) % at (-37+ 5)° East-of-North in
the Ks-band after application of the Mueller matrix to aauiofer instrumental polarization. Ott
et al. (1999) provide values of (4462.5) % at (-85+ 8)° East-of-North. It has to be considered
that instrumental ffects take place in the same order of magnitude as the megsulegization
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Figure 8.1:SEDs of Extremely Red Objects. Upper left: source NW of Sgr A6 CO feature, but
strongly reddened. Upper right: source NW of Sgr A*, here af€&@ure is visible. This
source is located near a local maximum of extinction, so ¥ jnat be a normal late type
star. Lower left: source located in the northern arm of theisgpiral. Lower right: source
located in the far SE of Sgr A*, also in a region of very highiestion. The CO feature
suggest a late type star, maybe towards the back of the cluste

degree, which may explain the largéfs®t in polarization angle compared to the older values
where thesefeects were not compensated. The lower total polarizatiomegefpund here can
be attributed to the better angular resolution and thusitdgksgnce from neighboring sources.
The values provided by Eckart et al. (1995) are clearly imfbeel by neighboring stellar sources,
with (3.0+ 1.0) % at (10+ 7)°.

If itis assumed that the foreground polarization for thigrse is the same as for the surrounding
objects and a depolarization matrix with the parameterpfer7.6%, 0 = 9.2° is applied, this
yields a total intrinsic polarization of (78 0.5) % at (-75+ 5)°.

In the H-band, the total polarization of IRS 1W is measured5e2 = 0.5) % at (12+ 5)°
East-of-North. The polarization angle appears typicabfetellar sourceféected by foreground
polarization, but the polarization degree is much lowenttige~12% found for stellar sources
in the vicinity. The application of a depolarization matvisith p = 12% 60 = 15° leads to an
intrinsic polarization of (6.9 0.5) % at (-73+ 5)°.

The values found for the Lp-band confirm this trend: whiletaltpolarization of (4.9 0.5)%

at (-62 + 5)° is measured, applying a depolarization matrix with= 4%, 0 = 25° yields an
intrinsic polarization of (8.9 0.5)% at (-63+ 5)°. The polarization angle appears consistent
over the three bands, which suggests that the same proaespimnsible, while the increase of
the intrinsic polarization degree towards longer wavelleagoints to the higher influence of the
extended dust component compared to that of the centratesour

In order to investigate the polarization pattern iffefient regions of this extended source, the
polarization was measured in small apertures in the deteeyamages, and the foreground
polarization was subtracted using a Mueller matrix as desdrin§5.2.8. The results are shown
in Fig.8.2. This yielded polarization degrees of about 002 with very similar polarization
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Figure 8.2:Map of the intrinsic Ks-band polarization of the extendedrse IRS 1W. The arrows indi-
cate the proper motions of the central source, the motiohefNorthern Arm material and
the motion of both relative to each other.

angles for regions with significant flux. Apparently, thegridation degree is lower by a factor
of up to~3 around the apex compared to the tails.

The same technique was applied to the H-band dataset, arlFghows the result for the
immediate area around IRS 1W. The polarization patternrnigpawable to that found in the Ks-
band, with polarization degrees of about 10-20 % at verylairpolarization angles for regions
with significant flux, and much lower polarization degreegha central region. There is no
significantly lower polarization degree towards the apaxt avas found in the Ks-band, but it
has to be noted that the horseshoe shape is much less predaurthe H-band anyway. The
angles agree with those determined from the Ks-band data.

Fig.8.4 shows the polarization pattern in the Lp-band, &edsimilarity to both the H- and the
Ks-band pattern is quite apparent, despite the much lowghdd& he polarization increases in
the tails of the bow-shock, while the apex shows signs of @ejzation.

The total intrinsic polarization and the spatially resodlygattern of IRS 1W can be explained
from the combination of the motion of the source itself, ttreaming velocity in the Northern
Arm and the magnetic fields present in that structure.

Aitken et al. (1998) mapped the polarization of the North&rm at 12.5um and inferred the
magnetic field orientation by assuming that the polariratias produced by emission from
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Figure 8.3:Map of the intrinsic H-band polarization of the extendedrsedRS 1W. The arrows indicate
the proper motions of the central source, the motion of thaiidon Arm material and the
motion of both relative to each other.

magnetically aligned elongated dust grains. The magnetid &t the location of IRS 1W is
perpendicular to the polarization angles found here fa floiurce. The projected velocity of
the source (Schodel et al., 2009) is parallel to the fielddiand also parallel to the streaming
motion in the Northern Arm itself (Lacy et al., 1991). Thigds to the field lines following the
morphology of the shock around the source. At the apex, thises a weakening of the field,
while it is compressed in the tails. This in turn leads to akeeaespectively stronger grain
alignment in the apex respectively the tails.

Grain temperatures in the Northern Arm reach up-80-300 K (Smith et al., 1990; Gezari,
1992), and this is dticient to explain the observed 12/ emission. But for significant emis-
sion in the H- and Ks-band, much higher grain temperatured.0600 K would be required. This
raises the question if the extended emission in the bowksisoemission from or scattering on
the aligned grains. One possibility is that the temperaiturthe shock is indeed high enough
for significant emission. Geballe et al. (2004) suggest shah higher temperatures could be
reached by very small grains@.001-0.01um, which is by a factor of 10 smaller than typical
grains expected here) if they are heated by occasional lmgigg photons or stochastic colli-
sions with high energy electrons or ions. Moultaka et al0@Gind that the spectrum measured
for IRS 1W (including the bow-shock) matches a 900 K blackba@¥t this higher temperature,
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Figure 8.4:Map of the intrinsic Lp-band polarization of the extendedrse IRS 1W. The arrows indi-
cate the proper motions of the central source, the motiohefNorthern Arm material and
the motion of both relative to each other.

emission from heated aligned dust grains should contrituutiee NIR polarization.

This leaves the question of the survival of these very snraihg in a bow-shock environment

and at this temperature. In addition, these grains woul& bawe aligned to produce the ob-
served polarization. But the very same processes whichduvoedit the small grains to high

temperatures would also randomize any previous alignmaméss the alignment mechanism
is much faster than the randomization. This may be the cage bimce strong frozen-in and

compressed magnetic fields provide an even stronger arett fdgfnment than in other regions

of the Northern Arm. This might also add to the lower poldiaa at the apex due to turbu-

lence, which could lead to a partial randomization of grdigrenent, before the stronger field

and uniform streaming motion in the tails increase the afignt again.

In addition to emission, scattered light from the centrairse enclosed in a dusty envelope could
contribute to the observed polarization. This process @swrto occur in planetary nebulae and
dusty young stellar objects (YSOs) (e.g. Lowe & GledhillpZ0Lucas & Roche, 1998). In the

ideal case of pure Mie-scattering on spherical dust gramst of the light would be scattered

forward, but a significant portion is scattered perpendictd the incident direction. This latter

part is linearly polarized, with the polarization vectortive plane of the sky and perpendicular
to the original propagation direction of the light. If a soarlike this is viewed face-on, no
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Figure 8.5:Ks-band (red circles), H-band (green squares) and Lp-dand open crosses) lightcurves of
IRS 1W. Shown here is the flux of the source normalized to thedfmon-variable reference
sources in the respective band. H- and L-band values wertipfied by a constant factor to
match the average Ks-band values.

total intrinsic polarization is detected, since the pdations of the regions surrounding the
central source cancel each other out. If the source is edJiany total polarization angle can
be produced. Spatially resolved polarimetric measuresnehsuch sources however show a
characteristic centrosymmetric pattern of the polanizatiectors. Clearly, this is not the kind of
pattern found here.

But what if the grains are not spherical, but elongated aigphedl as it is the case here at least
for a significant part of the grain population? Lucas & Roch@98) find patterns of aligned
polarization vectors similar to the ones found here in thetreg regions of a minority of the
sources examined in their study. They claim that thesernpattannot be explained by scattering
on spherical grains, but that aligned elongated grains plagta role there. Whitney & Wl
(2002) modeled scattering and dichroic extinction for spherical dust grains, finding a variety
of polarization patterns for flerent input values for optical depth, degree of grain alignin
and inclination of the source. In general, at low opticalttleghey find polarization vectors
perpendicular to the axis of grain alignment (i.e. the dagan of the angular momentum vector
of the spinning grains), while high optical depth leads taedpminance of dichroic extinction
and thus to polarization vectors parallel to the axis ofrgedignment. This study is focussed on
spherical dust configurations and disk-like structuresheagesults are not directly applicable to
a bow-shock source.

Multiple scattering may play a role in the depolarizatiorsetved towards the apex, but again,
the alignment of the grains has to be considered. If the Idaat density is high enough for
multiple scattering to become important, would this alseady stiice for a significant contri-
bution by local dichroic extinction? While the former prgsavould lead to a depolarization by
a randomization of the polarization angles, the secondavordduce polarization perpendicular
to the emissivgsingle scattering polarization angle, which does not mttetobservations.

In the light of these results, it can be considered likelyt Htattering on elongated grains con-
tributes to the observed patterns in the H- and Ks-band 8atid. scattering and emission should
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Figure 8.6:IRS 21 observed on 2004-08-30, right: image before Lucyr&idson deconvolution, left:
image after deconvolution (logarithmic gray-scale, cansdrace 10, 20, 30, 50, 60, 70, 80,
90, 95% of maximum flux in the left frame, respectively 40, 60, 70, 80, 90, 95, 99% in
the right frame.

produce polarization at the same angle. Without thoroughdgeling the conditions in such a
bow-shock environment, it cannot be determined which m®ds dominant, only that both
probably contribute. The longer the wavelength, the mongoirtant the contribution of emis-
sion becomes (at the dust temperatures considered herfe Lp-band, emission is probably
the dominant process.

Flux variability

The total flux of IRS 1W can be flicult to determine, since the center of this source is sadrat
in a large number of images. Unfortunately, the repairiggpathm included in StarFinder only
works on point sources, since it assumes that the saturatedeshas a PSF similar to that of
non-saturated sources in the vicinity. This is obviouslythe case for an extended source like
IRS 1W. Therefore only data were used where the peak fluxée ddbtation of IRS 1W stayed
below the saturation threshold. Fig.8.5 shows the flux of IR§in relation to the reference

Table 8.1:Polarization parameters measured for IRS 21. The averageathobservations respectively
the standard deviation is given in the last line.

date p[%] dp[%] 60[deg] dO[%]

1 2007-04-01 104 0.5 15 5
2 2007-04-03 9.3 0.5 16 5
3 2007-04-04 8.9 0.5 15 5
4 2007-04-05 8.8 0.5 17 5
5 2007-04-06 9.0 0.5 16 5
6 2007-07-18 9.4 0.5 16 5
7 2007-07-19 9.0 0.5 17 5
8 2007-07-20 9.1 0.5 16 5
9 2007-07-20 9.0 0.5 18 5
10 2007-07-21 8.4 0.5 17 5
11 2007-07-23 9.2 0.5 16 5
12 2007-07-23 8.3 0.5 18 5
13  2007-07-24 9.5 0.5 16 5
avg 9.1 0.2 16.4 0.3
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Figure 8.7:RS 21 observed on 2005-05-14, right: image before Lucyr&idson deconvolution, left:
image after deconvolution (logarithmic gray-scale, contdrace 10, 20, 30, 50, 60, 70, 80,
90, 95% of maximum flux in the left frame, respectively 40, 60, 70, 80, 90, 95, 99% in
the right frame.

flux in the H-, Ks- and Lp-band. The flux appears to be varialgle 80% in the Ks-band, while

the H-band value is inconclusive. No clear periodicity ipaent, which might indicate either
an erratic variability or a period in the order of or below tivae resolution of the data. The
flux variability exceeds that found for IRS 16C (see Fig.), boit this may in part be due to the
difficult photometry on IRS 1W. In the L-band, the flux rises to a imaxn in 2005 and drops

again by~15 %. This is consistent with a constant flux within the uraiettes, especially since
there is no correlated behavior over the H-, Ks- and L-bandotal, the available observations
do not allow a conclusion whether or not IRS 1W shows a soimttmsic flux variability.

8.2.2 IRS 21

Source morphology

Previous studies show IRS 21 as a roughly circular, yet ee@isource in the Ks-band (Tanner
et al., 2002, 2005). The same is found for the data presemax] hut after applying a Lucy-
Richardson deconvolution, this changes significantly..&&and 8.7 show IRS 21 before and
after deconvolution for two datasets (2004-08-30 respelgti2005-05-14). There is no clear
bow-shock shape visible prior to deconvolution. After the process, there is still no clear
horseshoe shape, but it is clear that the source is not airguprojection and thus most likely
not spherical. The deconvolved images appear to contaimteatesource with a bow-shaped
northern extension. It has to be noted that this shape ihsapparent in all available datasets,
but the resolution that can be achieved on an extended éehiter this depends critically on
the data quality, especially in a very dusty environmerg tikat of IRS 21. The LR algorithm
also tends to 'suck up’ flux of extended features into a ceéstrarce (se€5.2.4). For all but a
few periods, however, the deconvolved images show an extesiructure at this location, with
an east-western hlow to the north and a point-source-like feature to the soiltfis shape
is deemed to be consistent with a marginally resolved bavelsltype source. These findings
match those presented by Tanner et al. (2004), who find aasispitial structure and position
angle of the bow-shock in the Lp-band. Furthermore, thdivelanotion of the Northern Arm
material Lacy et al. (1991) and the proper motions of IRS 24. (Eanner et al., 2005) would
agree with a bow-shock in this direction (see projectedoités plotted in Fig.8.8). The recent
Lp-band observations agree with the presence of such dwsteuas well (see Fig.8.9), although
the insuficient depth of the observations prohibits the resolutiofaimiter features like the tails
of the bow-shock.

From the images where the bow-shock shape was visible, agbedj distance between the peaks
of the southern and the northern feature-cf00+ 100 AU was determined (see Fig.8.6, this is
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Figure 8.8:Map of the intrinsic Ks-band polarization of the extendedrse IRS 21. The arrows indicate
the proper motions of the central source, the motion of theidéon Arm material and the
motion of both relative to each other.

also consistent with the Lp-band image, Fig.8.9). The ptepdistance was almost the same for
allimages, and the error given here is just a rough estinGasidering a possible inclination of
the source, this constitutes a lower limit for the stafidestance between the central source and
the apex of the bow-shock. Tanner et al. (2002) provide neabistndfi distances for candidate
central objects, using the Ks-band radius they measur&f®2ll of~650 AU as an estimate for
the standfi distance. Using the radius makes this value an upper limthi®projected standio
distance. They find that this value agrees best with theatig stellar types: an AGB type
star, W-R, OfpAVN9 or W-R WC9. Especially a Wolf-Rayet (W-R) type star wolle able

to produce a wide range of possible staffidiistances (310-10100 AU). The value determined
here agrees with these possibilities as well.

Spatially resolved polarimetry

IRS 21 is not covered by the 2009, high quality polarimeteatadet (P2), so its total polarization
was measured in several other datasets with lower Strabbrggee Tab.4.1, datasets P3-P15,
the data quality is still sficient for polarimetry on bright sources). The values fouodthe
individual data-sets are shown in Tab.8.1. Consideringutheertainties, these measurement
allow the conclusion that both the polarization degree amgleaof IRS 21 can be treated as
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Figure 8.9:Map of the intrinsic Lp-band polarization of the extendedrse IRS 21. The arrows indicate
the proper motions of the central source, the motion of thaiidon Arm material and the
motion of both relative to each other.

constant within the margin of error. The measurements \aeldverage value of (94 0.2)

% at (16.4+ 0.3) degrees, which agrees very well with the polarizaticrasured by Ott et al.
(1999) and also with the polarization angle determined yaBaet al. (1995). The latter study
measured a polarization degree which-80% higher than the value measured here. Ott et al.
(1999) explained this éierence by dferent apertures used and that might indeed be the case.
No clear indication of a variable polarization degree of lBRShas be found in the available data,
although several, low quality datasets led to some outhi&res. Since this coincided with large
variations in the polarization of other sources, this isqatsidered a significanttect.

After applying a depolarization matrix with polarizatiomnameters determined from the sur-
rounding point sources (5% at 30@etermined on two sources close to IRS 21 and thus not as
reliable as the values for IRS 1W), IRS 21 appears to haveahitdtinsic polarization of (6.1

+ 0.5) % at (5« 5) degrees. The polarization degree is slightly lower thei of IRS 1W,
while both sources have veryttiirent intrinsic polarization angles. Again, the angle fbhere

is perpendicular to the magnetic field orientation in thigioa given by Aitken et al. (1998).
Unfortunately no polarimetric H-band data covering IRS Bd available.

In the Lp-band, IRS 21 shows a much stronger polarizationpeoed to the Ks-band. The total
polarization amounts to (198 0.5)% at (24+ 5)°, and subtracting the foreground polarization
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Figure 8.10Ks-band (red circles), H-band (green squares) and Lp-Halod ppen crosses) lightcurves
of IRS 21. Shown here is the flux of the source normalized tdltheof non-variable ref-
erence sources in the respective band. H- and L-band valkeresmultiplied by a constant
factor to match the average Ks-band values.

reveals an intrinsic polarization of (15200.5)% at (24+ 5)°.

Fig.8.8 shows the Ks-band polarization of individual regioPolarization degrees of about 3-8
% are measured here, with less uniform polarization angjles those found for IRS 1W in
regions with significant flux. In addition, rather an incredlsan a decrease of the polarization
degree is detected towards the apex. The polarization ahgles more variation compared
to IRS 1W. By comparison, the polarization pattern in thedamd (see Fig.8.9) appears more
uniform: polarization degrees on the order of 15% are detkit regions with significant flux,
with very similar polarization angles of 20-25As in the Ks-band, no clear substructure (as it
was found for IRS 1W) is apparent.

Again, the relation of the source motion and the local magritlds and streaming motions
offer an explanation for the observed polarization in both bafthe source moves almost per-
pendicular to the field, so the field lines are likely compeesis front of the shock and diluted
towards the flanks. This leads to a higher polarization aapiex. If this field orientation is in-
deed preserved over the whole structure, it could expla@mbserved polarization pattern, since
the polarization angles would be perpendicular to the figldsl This would be the expected
behavior for emissigiscattering producing the polarization.

For this grain alignment, dichroic extinction would be esiggl to produce polarization angles
perpendicular to what is observed here. This would redueevkrall intrinsic polarization, but

it is questionable if the optical depth of the dust surrongdRS 21 is sfficient for a significant
contribution of this process. While a detailed model of belveck polarization using measure-
ments at more NIPMIR wavelengths or even spectropolarimetry as input pataresevould be
desirable to clarify the extent and relative importanceheke processes, a rough estimate may
already be possible from the Ks- and Lp-band values alormapaced to the Ks-band, the total
intrinsic polarization is increased by a factor-d1.5 in the Lp-band, compared to an increase by
a factor of 1.1 that was found for IRS 1W. Moultaka et al. (204ed the Lp-band spectrum
of IRS 21 with a 1200 K blackbody, which is hotter than the eafaund for IRS 1W in the
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Figure 8.11Map of the intrinsic Lp-band polarization of the extendedirse IRS 10W. The arrows
indicate the proper motions of the central source, the maifadhe Northern Arm material
and the motion of both relative to each other.

same study~900 K). This would lead to a higher emission at shorter wangtles, and if dust
emission is dominant for both sources, why is the polaoratif IRS 1W and IRS 21 almost the
same in the Ks-band, while the latter source has a much hjgiterization in the Lp-band? The
answer might be that the optical depth respectively dusetidn also has to be considered: the
shape of IRS 21 suggests a higher optical depth since noaedmal source can be made out
even in the Ks-band (where the central source of IRS 1W iglgldéscernible). Thus, the light
from the central source of IRS 21 is mostly absorbed at shorelengths (which produces
polarization perpendicular to the emissive polarizatimmgfected by multiple scattering (which
depolarizes the light). Even if this contribution stays flaene in the Lp-band, the dust primar-
ily emits at longer wavelengths, so the highly polarizedtdusission becomes more and more
dominant towards the Lp-band. The emissive polarizatiothénKs-band is in turn reduced by
the absorptiofmultiple scattering component. For IRS 1W, these two preegsvould not play
a significant role due to the much lower optical depth towdéndscentral source.

In order to further clarify this relation and to investigat¢ossible substructure in polarization,
further observations with higher depth would be required.
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Figure 8.12Ks-band (red circles), H-band (green squares) and Lp-Halnd Gpen crosses) lightcurves
of IRS 10W. Shown here is the flux of the source normalized &oflilx of non-variable
reference sources in the respective band. H- and Lp-bangsalere multiplied by a
constant factor to match the average Ks-band values.

Flux variability

Fig.8.10 shows the flux of IRS 21 in relation to the referenoe.flFor both the H- and the
Ks-band data, there appears to be a significant and steaddagecin flux of about 50% over
the observed period (June 2002 to May 2008). This corresptma@n increase in brightness
of about 0.4 mag. The fact that the same increase is detaetteoth bands suggests that it is
intrinsic to the source itself, because the H-band is dotathay the stellar component, while
the Ks-band source is dominated by the dust enshroudingeharsource. A smaller~20%)
correlated flux increase is found in the Lp-band data as Wélat could cause this increase in
flux?

From the available data, it cannot be determined whethsrisha periodic variability or not
since only a steady increase in flux is observed. This woulgdssible for all the candidates
presented by Tanner et al. (2002): both AGB-stars and WojfeRatars may show such an
increase in luminosity in this time-frame, especially éyrare in a mass-losing phase.

8.2.3 IRS 10

Spatially resolved polarimetry

IRS 10W is contained in the FOV of the 2011 Ks- and Lp-band.d&i@a polarimetric H-band
observations of this source are available.

The quality of this Ks-band data-set is ifisecent for spatially resolved polarimetry, so only
total values could be obtained: the total polarization & [IFDW was measured as (2:1.5)%

at (6+ 5)° in the Ks-band. Applying a depolarization matrix with thdgrzation of IRS 10E*
used as the foreground value (this source is point-like ares ot show signs of intrinsic
polarization, with (5.4 0.5)% at (28+ 4)°) yielded an intrinsic polarization of (4.2 0.5)%

at (-52+ 5)°. In the Lp-band, similar values are found: the total poktitn is measured as
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Figure 8.13Ks-band (red circles), H-band (green squares) and Lp-Halnd ppen crosses) lightcurves
of IRS 10E*. Shown here is the flux of the source normalizedh#ftux of non-variable
reference sources in the respective band. H- and Lp-bangsalere multiplied by a
constant factor to match the average Ks-band values.

(0.9« 0.5)% at (-61+ 5)°, which yields an intrinsic polarization of (560.5)% at (-67+ 5)°,
assuming a foreground polarization of (470.5)% at (22+ 5)°, which was again estimated
based on IRS 10E*.

The intrinsic Lp-band polarization measured here is hidfyea factor of~1.3 than the Ks-band
value. This resembles the increase found for IRS 1W. Butenthiit source shows a clear bow-
shock morphology, this is not the case for IRS 10W (see Hi@)8 Tanner et al. (2005) fitted this
source with a bow-shock like shape, but the authors of thayshemselves cautioned that the
angle of the best-fit solution did not agree with the obsew@ger motions of the source and
the dynamics of the Northen Arm. They instead suggestedhbatbserved shape was produced
by the additional influence of an outflow from IRS 10E*, a highéiriable source about 2” to the
south-east (see below). The resolved Lp-band polarizgtiea Fig.8.11) is also not consistent
with a bow-shock with the apex towards the east. The pattamd here would agree well with
a bow-shock oriented at about°3Bast-of-North, which would be consistent with the source
proper motions and the Northern Arm flow here. The polatizaegattern is less symmetric than
that found for IRS 1W, and the uncertainties are larger, lhesé findings seem to confirm the
suggestion of Tanner et al. (2005) that the bright regioménsouth-east is indeed not the apex
of the bow-shock.

The total polarization measured in the Ks- and Lp-band supjbis argument as well: an in-
trinsic polarization angle perpendicular to the bow-shaagle would be expected, and therefore
the observed angles of -5Bspectively -67would indicate a bow-shock angle of about 20-40

Flux variability

IRS 10W shows a flux variability in all three bands, but therad clear periodic behavior (see
Fig.8.12). The Ks- and H-band fluxes vary by abe0%, while the L-band flux only shows
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Figure 8.14Map of the intrinsic Lp-band polarization of the extendedrse IRS 5. The arrows indicate
the proper motions of the central source, the motion of thelidon Arm material and the
motion of both relative to each other.

about 10% variability. This is not considered a reliableedgbn of intrinsic variability, since
no systematic trends are visible at the observable timesBgl comparison, IRS 10E* shows a
strong and clear periodic variability with the flux incraagby a factor of 3 and a period of about
2 years (see Fig.8.13). The variability is correlated intheKs and Lp-band. This source has
been classified as a late-type Mira variable by Tamura & We(t896), while Ott et al. (1999)
label it as a long-period variable. The results obtaine@ bgree with these classifications.

8.24 IRS 5

Spatially resolved polarimetry

IRS 5 also shows a bow-shock shape in the Ks- and the Lp-barfdyad by e.g. Tanner et al.,
2005), and the total polarization measured in both bandsaat partly agrees with the observed
morphology: in the Ks-band, the source shows a total pataa of (5.4+ 0.5)% at (24« 5)°.
Most sources in the vicinity seem to exhibit a stronger ppddion (see Fig.7.1) on the order of
7.5% at 24. This yields an intrinsic polarization of (240.5)% at (-62+ 5)° for IRS 5. Note
that this estimate, however, depends critically on the r@ayuof the foreground value.

Looking at the Lp-band, the source also shows a deviatiorolarjzation from the sources
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Figure 8.15Ks-band (red circles), H-band (green squares) and Lp-Halnd ppen crosses) lightcurves
of IRS 5. Shown here is the flux of the source normalized to tive dif non-variable
reference sources in the respective band. H-band values mveltiplied by a constant
factor to match the average Ks-band values.

around it: a value of (1.& 0.5)% at (14+ 5)° was measured, and with a foreground polarization
of 4% at 25 this leads to an intrinsic value of (256 0.5)% at (-57+ 5)°. The angle found
here coincides with the Ks-band angle and with the expectatirom the observed orientation
of the bow-shock, while the polarization degree is incrddsea factor of~1.2 compared to the
Ks-band value. This also matches what was found for IRS 1W.

The resolved Lp-band polarization pattern (see Fig.8.&d4embles that of IRS 1W closely,
with stronger polarization found in the tails of the bow-skoa decrease towards the apex and
very uniform polarization angles. As for IRS 10W, the Ks-tatata quality does not allow
spatially resolved polarimetry. The observed pattern élth-band agrees very well with the
proper motions of the source and the streaming motion in tbehdrn Arm, as do the total
intrinsic polarization parameters. This suggests thaséme mechanism is responsible for the
bow-shock polarization as proposed for IRS 1W ($82.1).

Flux variability

IRS 5 also shows a flux increase in the Ks-band between 2002088](see Fig.8.15), although
the increase is not as strong and clear as that found for IRS 24 H-band data is much less
clear for this source, and while it appears to be variableatwavelength as well, the variability
seems quite erratic. Therefore it cannot be concluded tigaist an intrinsically variable source
on the observed timescale.

8.25 IRS 2

The IRS 2 region, located south of IRS 13 (see e.g. map by \aannet al., 2005), is made up
of three main bright sources: the extended sources IRS 2einorth and IRS 2S in the south,
and a more compact source between the two, here referrediRSa8C. Polarimetric data is
only available in the Lp-band for these sources.
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Figure 8.161p-band image of the MIR excess source IRS 2L (left) and IR]rifbit) after LR de-
convolution. The arrows indicate the proper motions of taet@al source, the (assumed)
motion of the local medium and the (assumed) motion of bdttive to each other. The
magenta line indicates the polarization.

A total polarization of (7.1+ 0.5)% at (-60+ 5)° is found for IRS 2L, and with an assumed
foreground polarization of 4% at 2based on neighboring sources, this source shows an intrin-
sic polarization of (11.1 0.5)% at (-62+ 5)°. IRS 2S exhibits a weaker total polarization at a
similar angle, with (3.2 0.5)% at (-49+ 5)°. With the same foreground polarization, this leads
to an intrinsic value of (6.2 0.5)% at (-58= 5)°. IRS 2C, located in projection directly between
these two sources, shows only the foreground value and ne signtrinsic polarization. This
can easily be explained if this source simply lies in fronthed dust feature that stretches from
IRS 13 down to IRS 2, while the other two sources are embedd#us structure andfiected

by it. This is supported by the shape of the sources in Lp-lharades, where IRS 2C appears
point-like and the other two are visibly extended. The fhett tboth other sources show the
same polarization angle butffiirent polarization degrees may indicate ffedent dust column
density towards these sources, and indeed it seems as iishstducture they are embedded in
becomes fainter towards the south (see e.g. Fig.4.2).

No direct measurements of the projected velocities of tisallmedium are available in this
region (IRS 2 lies outside of the region where velocitiesenaapped by Paumard et al., 2004).
If the local magnetic field (see Aitken et al., 1998) followag tvelocity field as it is the case for
the Northern Arm, this would indicate a local streaming motivith an angle of 20-30to the
North-South axis. If these sources are indeed embeddedrincise that is on an infalling orbit
around the center (in a way similar to the Northerm Arm), theal streaming motion should
be towards the north-west. Fig.8.16 shows an assumed maftithe local medium (0f120
km/s, dashed blue line), and the resulting relative motion.hdfse were bow-shock sources,
the polarization angle would be expected to be perpenditalthe relative motion, and this is
clearly not the case here: for IRS 2L, the observed angfierdiby about 45from the expected
value, while for IRS 2S, it is even perpendicular to what widut exptected for a bow-shock. In
addition, the observed anglegtdr about 30 from the MIR angles determined for the extended
emission by Aitken et al. (1998). These findings indicaté tha observed polarization may be
influenced significantly by the local extended dust distidouand the interaction of the central
sources with the medium. Without examining the spatial ndéion patterns and comparing
them over diferent wavelength bands, it is not possible to determine lveinéhese sources are
bow-shocks or not.

8.2.6 IRS 5NE

IRS 5NE, one of the sources east of IRS 5 that where examingetail by Perger et al. (2008),
shows a total Ks-band polarization of (7440.5)% at (13« 5)°. The polarization parameters
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Figure 8.17Left: Lp-band image of the MIR excess source IRS 5E before ERodvolution. The
arrows indicate the proper motions of the central soureenibtion of the Northern Arm
material and the motion of both relative to each other. Thgenta line indicates the
polarization. Right: The same source after LR deconvotutithe elongation of the source,
the relative motion vector and the polarization all corsifliy indicate a bow-shock source.
Contours plotted to guide the eye.

agree with the expected foreground polarization ($82.4. In the Lp-band, there appears
to be a significant polarization excess, with a total potion of (8.8+ 0.5)% at (24+ 5)°
compared to a value of 4% at 2 the vicinity. This leaves (4.8 0.5)% at (23t 5)° of intrinsic
polarization. While Perger et al. (2008) described thige®as compact with no apparent bow-
shock morphology or other extended component, they sudigasthe very red color points
to the influence of a dust envelope and that candidate soinclesle a dust-enshrouded low-
luminosity AGB star or possibly a young stellar object stilits dust shell. IRS 5NE may thus
be a low luminosity variant of the brighter bow-shock sosritethe central parsec.

With the higher resolution available here and after a LuaghRrdson deconvolution, IRS 5NE
appears clearly extended in the Lp-band (although no appav-shock shape can be ob-
served, see Fig.8.17). The shape of the source would bemaflygtonsistent with a bow-shock
considering its proper motions and the local streaming anotif the Northern Arm (which
seems to extend even further eastward than IRS 5 and 10, sgeaRhet al., 2004). The in-
trinsic polarization also suggests a dusty source, anddlzipation angle found here is almost
perpendicular to the relative motion of the source throdghsurrounding material (Paumard et
al., 2004; Perger et al., 2008) and the observed elongadtutée The source is too faint and the
depth of the available data is too low for resolved polarimédtut the findings mentioned above
already make a good case for IRS 5NE being a bow-shock s@insitar to IRS 1W and IRS 5.
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9.1 Stellar Classification

This newly developed method of stellar classification hagiomed several previously obtained
results and has proven to be able to classify sources of kigvenreliably. It cannot compete
with spectroscopic identifications of individual sourcest due to the ability to classify a large
number of sources with a relatively small need for obseovatime, it can provide important
statistical information about a stellar population whi@ndater be refined by observing the
early type candidates with spectroscopic methods. The/sisgiresented here extends the sen-
sitivity limit of stellar classification by about 1.5 magmites compared to previous works, thus
providing a statistically stronger basis for conclusiondite stellar population.

The following results could be obtained:

1. Alarger number of early type candidates has been detd@edn any previous study, 312
sources compared to the known 90. It was possible to idekitifpvn early type sources
with 87% accuracy, while 96% of the known late type sourcesevetassified correctly.
The diferent percentages stem from théelient selection criteria of the reference sources
in the cited publications: Maness et al. (2007) alreadycsedetheir late type sources
by the presence of fiiciently deep CO band heads, which is the same feature that the
new method makes use of. The early type sources publisheclimdd et al. (2006)
were selected based on narrow emission lines that are rilolevég the spectral resolution
available here.

These high rates of correct classifications increases tifedence in the presented results,
but the new detections need to be confirmed spectroscaopiealbecially the early type
candidates.

2. The spatial distribution of the early type stars followsoaver law, withgy» = 1.49+0.12,
which is flatter than the values of the valuefof —1.8 that was computed from the data
published by Paumard et al. (2006); Lu et al. (2009), butciihpatible at the @ limit. It
is also possible to fit the early type density with a broken gaaw withB;_19- = —1.08+
0.12 andB10-20- = —3.46+0.58. This broken power law fits the density distribution bette
than the single power law, but it remains unknown what catrsedensity drop observed
at~10". The significance of this feature should be examined bér observations that
extend to larger distances from Sgr A*.

3. The previously reported flat projected surface densitfilprof the late type stars in the
innermost arcseconds could be confirmed with much higheceawmbers and therefore
significantly improved statistics. The flat (or even invel)ssurface density of late type
stars must imply a centralip or holein their 3D distribution. This together with the
steep early type density profile explains the observed didpQ absorption. It has to
be emphasized that this result signifies a change in the ptérneof the nuclear star
cluster. Separating the early- and late-type populatia@wstclearly that the GC cluster
doesnothave acusp(see discussions in Genzel et al. (2003); Schodel et @7(20To the
contrary, the late-type, old stellar population, which egms to make up the vast majority
of stars in the GC cluster, shows a flat or even slightly imeower-law in projection
within about 02 pc from SgrA*. These results have recently been confirme®det
al. (2009); Bartko et al. (2010). This may indicate that ¢hisrsome kind oholein the
late-type population near the center, as has been pointeolydtiger et al. (2003). The
exact cause is still not understood, but various explanatitave been suggested. One
often discussed possibility is the destruction of the espest of giant stars by collisions
with main-sequence stars, post-main sequence stars, el semnants in the dense
environment near Sgr A* (Rasio & Shapiro, 1990; Davies etl&8l91; Genzel et al., 1996;
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Alexander et al., 1999; Davies et al., 1998; Bailey & Davi£899; Dale et al., 2008).
Another possible explanation for the non-existent cusmat#-type stars is that the cusp
may have been destroyed by the infall of a second black hotr{iti& Szell, 2006) and
that there may not have beenffstient time yet to re-grow the cusp. The central parsec
might thus not have reached a steady state at all (MerriftQR0Tidal disruptions may
also play a role in creating a depression in the very centad{lyan et al., 2011).

The late type KLF has a power law slope of G&sB1. This resembles closely the KLF
that has been measured for the bulge of the Milky Way. Thisuiprssing considering
that the nuclear star cluster is probably a dynamically isgpaentity from the bulge (see
Boker et al. (2008) for an overview of the properties of maclstar clusters in galaxies).
It implies a similar star formation history for the NSC ane thulge. The early type KLF
has a much flatter slope of.@@ + 0.02). The fact that the flatter early type KLF could be
confirmed down to a magnitude limit of 15.5 mag is an impor&ension of previous
works that had a completeness limit ©13-14 mag. Recent work by Do et al. (2009)
confirms this result, while Bartko et al. (2010) fins an evettdtaKLF for parts of the
early type population. Paumard et al. (2006) claimed theit flat early type KLF agreed
best with stellar evolution models using a top-heavy ihitiass function (IMF), but did
not give a value for the slope of the KLF itself (Fig.13 in thabrk). The early type
KLF found here seems to show a very similar shape down to tlgmituae limit and thus
also appears to support the proposed top-heavy IMF, but @rate comparison is not
possible due to the lack of a value for the slope in Paumardl é2@06). Bartko et al.
(2010) proposed an extremely top-heavy IMF for the disksstahile claiming that the
off-disk population is matched best with a regular Salpetenika IMF.

Early type stars have been detected outside of 0.5 pc, ensitg that still agrees with
the power law density profile in the inner region, so thesesicould well be part of
the known disjoff-disk population, if the single power law is valid. If the edgbserved

at ~10" is a real feature, this may point to a more complicatedasibn. This result is

of course pending spectroscopic confirmation. A larger remab early type sources is
detected in the whole cluster with the density distributioliowing the same power law
as in Paumard et al. (2006). This means that the power lavdfbare still agrees with the
early type density outside of 0.5 pc, which is higher thanupger limit provided in that

work. The new results by Bartko et al. (2010) also show séeamdy type stars outside of
the innermost 10",

Both foreground stars and strongly reddened objectsldmibetected or excluded easily
based on their fitted extinction. Unfortunately not all kmotow-shock and mini-spiral
sources could be observed, due to position and photomeitertainties.

It is still not decided which one of the two main scenarios/egrbest to explain the presence
of the early type stars in the central half parsec, in-situnftion or infall and dissolution of
a cluster formed at several parsecs distance from the GGrR@ublications lean towards
favoring the scenario ah-situ star formation (e.g. Paumard et al. (2006); Nayakshin & Sexy
(2005); Bartko et al. (2009). The results obtained in thisknadso seem to agree best with this
model: the steep power law decline of the projected earlg tignsity that agrees much better
with the R2 power law expected for that scenario than with thé& R of thein-spiraling cluster

It is important to note that the cluster infall scenario jicesithat less massive stars are stripped
from the cluster at larger distances (Guerkan & Rasio, 2008)is analysis probes, for the
first time, the density of late-@arly B-type stars in the entire central parsec. These atars
less massive than the early-type stars reported from gecdipic observations (Paumard et al.,
2006; Bartko et al., 2009). Although a somewhat flatter pelaerfor the density of the early-
type stars is found here, the improved statistics still ymglsteep decrease of the early-type
stellar density with distance from Sgr A*. This supportsitheitu scenario, but it is not possible
to clearly rule out or confirm one scenario based on the cudata.

Further observations that cover a larger area should bertakde in the future, as well as
spectroscopic confirmations of the new early type candsddte et al. (2009) suggest covering
at least the inner 5 pc of the GC, and while observations df sucarea require an extreme
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amount of time with an instrument like SINFONI, the methodgemted here may be the key to
explore large areas like this for features like tidal tafiso in-falling cluster or a continuation
of the early type population of the central parsec.

9.2 Polarimetric results

1. Like several previous polarimetric surveys of the cdmaasec at much lower resolution,
the polarization found in this study follows the Galactiaq in general. This confirms
that the polarization can indeed be attributed to alignest drains between the Galactic
Center and the observer (foreground polarization). Howedwath systematic and indi-
vidual deviations from this general pattern are detecteder@e FOV, the polarization
degrees and angles seem to change towards the eastern aegimal IRS 1. This be-
havior occurs in both both H- and the Ks-band data, with largktive deviations in the
Ks-band. That can be expected if this is indeed a loffaice produced by dust grains
in the Northern Arm, since typical temperatures and graiessin this region lead to a
much larger impact of radiation from this grain populatidicmger wavelengths. This
is supported by a systematic changer';’g‘;]c over the FOV, with values of 24#0.3 in the

center and 160.3 in the Northern Arm region. The larger one of these valeads to a
polarization maximum at 0.7um, which matches previous findings &fax ~ 0.8um by
Bailey et al. (1984), based on JHK observations of a larggiorein the GC. This value
represents dust parameters, specifically typical gragssand it can be expected that lo-
cal contributions by distinct dust masses lead tofecént value than the average along
the LOS. Unfortunately, no further constraints for the lah#st can be derived based only
on these two bands, other than that the dust grains respfitthe local éfects must be
elongated and aligned (see Aitken et al., 1998), and thattdmaperature and size must
be stfficient for their influence in the HKs-band.

2. A correlation between the spatially variable extinctiowards the central parsec and the
polarization iciency, % is found. This relation appears to befdrent for the two
groups of sources detected in the FOV (sources offscted by LOS polarization re-
spectively sources where local contributions are significdor the foreground-polarized
sources, a power law relation with a similar power law indaxthe H- and the Ks-band
(Bu = -0.6 £ 0.6, Bks = —0.4 + 0.4) can be fitted. This is compatible with the measure-
ments respectively the model by Jones (1989), who assummhiration of a constant
and a random component of the galactic magnetic field aload-@S to align the dust
grains. For the population of higher polarized sources,ghdri polarization #iciency
in general is measured, while the power law index for bothdbaesembles that of the
sources with lower polarization (withy = —0.4 + 0.7 andpks = —0.5 + 1.5, although
it has to be cautioned that these fits are poor due to the smaber of sources). The
higher polarization ficiency points to the influence of local dust grains, whictyamdn-
tribute a small amount to the total extinction. But sincesthgrains are aligned, they
add a significant component to the total polarization, sthisalignment is not (partially)
compensated by averaging over other dust populations vfidrent alignment as it is the
case for every individual dust configuration along the LOIgege findings further support
the previous conclusion that the influence of local dust igeggignificant not only in the
MIR, but also in the H- and Ks-band.

3. For the first time, Lp-band polarimetry was conducted veith8m telescope, yielding
polarization parameters for 84 sources brighter than 11 imalge central parsec. The
results confirmed the findings by Jones (1990) of a deviatidhe Lp-band from the NIR
wavelength dependency of the foreground polarizationdasea much larger number of
sources.

4. Intrinsic polarization takes place in several sourcélércentral parsec, not only at longer
wavelengths as shown first by Knacke & Capps (1977), but alsbd H- and Ks-band
(e.g. Ott et al., 1999). Using the Miller calculus, theiirgic component can be isolated
for point sources and maps of extended features. The mgdttal intrinsic polarization
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angles for several known extended sources such as IRS 1V, IRRS 10W and IRS 21
agree very well with what can be expected from source moggyoand relative motion
of gagdust in the northern Arm and the sources themselves. Verjasimtrinsic polar-
ization degrees are measured for IRS 1W and IRS 21, with{( D.%) % at (-75+ 5)° for
IRS 1W and (6.1 0.5) % at (5+ 5)° for IRS 21 (both Ks-band). Contrary to the wave-
length dependency seen in the foreground polarizationtitband polarization degree is
slightly lower for IRS 1W compared to the Ks-band: (6 9.5) % at (-73+ 5)°. The fact
that the central source contributes a larger amount of flukeérH-band compared to the
extended component, while the intrinsic polarization yostems from the bow-shock,
explains this discrepancy.

In the Lp-band, the intrinsic polarization degree of thase sources deviates consider-
ably (while the angles are still very similar): IRS 21 showsach stronger Lp-band
polarization of (15+ 0.5)% than IRS 1W with (8.2 0.5)%. This may be anfkect of a
much higher dust density and therefore higher optical deptiards the former source.
The spatially resolved intrinsic polarization patternghaf bright extended sources in the
FOV do not show a centrosymmetric shape as it would be exgpéateMie scattering on
spherical grains. Instead, the pattern found for IRS 1W esiggthat scattering on aligned
elongated grains must play a significant role, possibly doatbwith thermal dust emis-
sion (in the Ks-band), since the grains in the bow-shocks raagh temperatures on the
order of 1000 K (see Moultaka et al., 2004). Boffeets would produce polarization par-
allel to the long axis of the grains and thus perpendiculdahéir angular momentum. It
therefore appears that the angular momentum of the graihe ibow-shock surrounding
IRS 1W is aligned parallel to the relative motion of the seutttrough the Northern Arm
material. Taking the magnetic fields in the Northern Arm iat@mount, this is most likely
due to the field lines being warped around the flanks of the §lmwek. This in turn com-
presses the field lines and thus increases the local fieldgsirewhich is then dticient
for fast magnetic alignment of the grains.

For IRS 21, a dferent polarization pattern is detected. It appears thaptitarization
vectors are mostly parallel to the relative motion of therseuthrough the surrounding
material. Combined with the local field orientation, thigamleads to the same dominant
mechanism of scatterifgmission as for IRS 1W, if it is assumed that the field lines are
compressed in front of the shock that is moving perpendidalthem. The patterns found
in the Lp-band agree with the Ks- and H-band measurements.

IRS 5 and IRS 10W show a relation between Ks- and Lp-bandrigation similar to
what was found for IRS 1W (at lower total polarization deg)edt seems that the in-
trinsic polarization degree in both bands declines from IR&to IRS 5, with IRS 10W
inbetween. This may point to a decrease in grain alignmemt {laerefore magnetic field
strength?) from south to north along the Northern Arm, batndng such conclusions
based on only three data-points is risky at best. The redqla¢terns also resemble that
found for IRS 1W, and they also agree well with the observazp@r motions and the
streaming motion of the local medium, so it appears that dneesmechanism is at work
there.

After deconvolution, IRS21 clearly does not show a caicshape in the Ks-band. Instead,
its shape is consistent with that of a poorly resolved bowcklwith its apex north of the
central source. This is consistent with the Lp-band shapgsgmted by Tanner et al. (2004)
and the expectations from the proper motions of the soureelation to the streaming
motion of the Northern Arm. The stanfialistance is measured a€l00 AU, and this
agrees with the upper limit given by Tanner et al. (2002).s Itlitficult to constrain the
nature of the central source by this parameter alone, and steliar types with strong
winds, such as Wolf-Rayet stars, would be likely candidédes Tanner et al., 2002).

Of the MIR excess sources contained in the observed FQY,IBS 5NE, IRS 2L and
IRS 2S seem to show significant intrinsic polarization (IR$0@ instance, is apparently
purely foreground-polarized). Considering the known promotions of these sources
and the known (or in case of the IRS 2 sources, assumed) stigasmlocities of the
local medium, the polarization of IRS S5NE would agree veryl wih a lower luminosity
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version of the bow-shocks observed in IRS 1W, 5 and 10W, widlelear conclusions can
be drawn for the IRS 2 sources. The latter may show an influehlmeal dust emission
in addition to their own interaction with the medium. It mdnu$ be possible to use Lp-
band polarimetry as a tool to indentify possible, unresblvew-shocks, and especially to
distinguish them from disk-like dust configurations as theyld be expected for YSOs.

8. Several bow-shock sources in the central parsec show adhigbility: IRS 21 shows
a flux increase 0f50% over 6 years in the H- and Ks-band (less, but still sigaifidn
the Lp-band). Especially the H-band measurement indicatgshis variability must be
intrinsic to the central source and not only to the enveldpe candidates suggested for
the central source by Tanner et al. (2002) could all show suehriability, especially a
source that is currently in a mass-losing phase.

While a possible flux variability is also detected for IRS BSI1W and IRS 10W in all
three bands, no clear periodicity or trend is apparent fesg¢hsources at the available
time resolution. Therefore it cannot be determined if themgrces show a true intrinsic
variability or not. The known periodicity of IRS 10E-2 yrs) in the Ks-band could be
confirmed, and the same variability was detected in the HLandand as well.

Several €ects appear to contribute to the observed polarizationdrcémtral parsec of the GC,
in addition to the foreground polarization. While the lati® dominant in most sources in all
three observed wavelength bands, large scale trends aimdimtetects play a very important
role and may be used to further investigate the interstaikedium in the GC as well as possibly
very young objects, such as the sources in the IRS 13N clufl@se are the best candidates
for recently formed objects in the central parsec, so a aqoafion of their nature might provide
valuable insight into star formation mechanisms in suchsdilecenvironment as the immediate
vicinity of a SMBH.

The recently achieved polarimetric calibration of NACO {¥#i et al., 2011) and the first suc-
cessful polarimetric Lp-band observations in nearly 30ryeffer the possibility to use these
tools to further enhance the knowledge of the stellar pdjumeaand the ISM in the vicinity of
Sgr A*.
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