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ABSTRA CT

We presen conbined JH & Ks imagesof M16 which were obtained with
SIRIUS (Simultaneousthree-colorinfraRed Imager for UnbiasedSurveys)on the
UH 2.2mtelescog. In cortrast to optical images,the infrared imagesshaowv that
the EagleNebula's\pillars" have head-tail structureswith the headsfacedtoward
the certral part of the star cluster NGC 6611and the tails trailed toward the
opposite side. We have found a number of previously unreported YSO candidates
assaiated with these head-tail pillars. In particular, the youngest YSOs are
located at the tips of the pillars or globules, facing toward the certral part of
NGC 6611. Someare assaiated with near-infrared jets or cometary re ection
nebulae with indications of a circumstellar disk. This YSO distribution and
the cloud structures suggestthat the most recen star formation is taking place
following the interaction with UV light from the OB starsin NGC 6611.

Subjet headings: ISM: clouds| ISM: globules| ISM: individual (M16, Eagle
Nebula) | stars: formation | stars: premain-sequence
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1. Intro duction

The star cluster NGC 6611, which excites M16 (the Eagle Nebula), is known to be
assaiated with many YSOs with agesof 0.25-3Myr (Hillenbrand et al. 1993), and the
M16 regionis consideredto be an active star forming region. Star formation in the famous
elephan trunk structures (the Eagle Nebula's pillars) has howewer, not yet been clearly
revealed, although star formation in someof the evaporating gaseougylobules(EGGs) has
beendescriked by Hesteret al. (1996) and McCaughrean(1997), and Pilbratt et al. (1998)
pointed out low-level star formation in these clouds. Recemn grism slitless spectroscopic
obsenations by Herbig & Dahm (2001) and Ogura, Sugitani & Pickles (2001, submitted to
AJ) support this becauseno H emissionstars are detectedtoward the pillars while there
are many sud stars toward the certral part of NGC 6611. White et al. (1999) suggested
that the molecularcloud coresin the pillar headshave the characteristics (T gust 10-20K,
n 1 2 10cm 3) which aresimilar to thoseexpectedin the very early stageof protostellar
formation.

Since M16 is at a relatively large distance of 2 kpc and has a moderate foreground
extinction of A, 3 mag (Hillenbrand et al. 1993), deep and high-resolution infrared ob-
senations are essetial to study the low-massand enmbedded YSO populations. Here we
presen the results of sud deep,high-resolution broad-bandinfrared imaging of M16.

2. Observations and data reduction

JH & Ks imagesof M16 were obtained on 20000ctober 17 with the UH 2.2mtelescoge
and SIRIUS, a 3-color simultaneous cameraemploying three 1024 1024HgCdTe arrays.
The eld of view at eat band is 4.7" 4.7', with a pixel size of 0.28". Details of the
instrument are givenin Nagashimaet al. (1999). We obtained 27 dithered exposuresof the
target, ead of 20 secondssimultaneously for ead band, and the samenumber of dithered
sky frames( 12' NNW of the target position). IRAF was usedfor the data reduction and
analysis. Dome at- elding and sky-subtraction with a median sky frame were applied.
Stellar sourceswereinitially identied by DAOFIND with a 10 detection threshold, since
the obsenedregionis very crovdedwith badkground starsand nebulaemission(the 1 value
was estimated at the most opaqueregion of the pillars). Photometry was performed using
the DAOPHOT padkage. For a few sourceswith extendedemission,which are likely to be
YSOs, aperture photometry with a 6 pixel aperture wasalsoapplied. The faint near-infrared
standard stars of Perssonet al. (1998), Nos. 9107and 9188, were usedfor the magnitude
calibration. By observingse\eral of the red standard stars of Perssonet al. (1998) and
using their transformation formulae from the Las Campanassystemto the CIT system,we
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establishedJ-H and H-K color transformations betweenthe SIRIUS and CIT systems.The
limiting magnitudes(at 10 ) areroughly estimatedto be 19.5,18.5,and 17.5at J, H, and
Ks, respectively, and the imageresolutionis 0.7".

3. Results

In Fig 1, a composite JHKs color image of M16 is shovn. This image clearly shavs
that the three pillars ( 1, », and 3 from NE to SW) have head-tail structures with the
dense(opaque) headsfacing toward the certral part of M16/NGC6611 and the tails trailed
outwards. , is composedof two head-tail structures. These structures have a di erent
appearancefrom the pillars asseenin the optical.

We obtained photometric data of 3600sourcesin J, 8300in H, and 10000in Ks,
and constructed (Fig 2) a J-H vs. H-K color-color diagram for the unsaturated sourcesof
Ks> 12 magwith positional agreemen of < 1 pixel and with photometric errorsin ead color
of <0.1 mag. SinceM16 is located toward the galactic plane and the IR imagesare very
crowded with badkground stars, the confusionis se\ere for the photometry of somesources
even with our resolution of 0.7". In fact, the points scatteredabove the reddeningvector of
the left-hand sidein Fig. 2 may be dueto insu cien t resolutionin somecasesn the presei
obsenations. The percerage of sud sourcess estimatedto be small, 3% or less.

We roughly estimate the extinction toward the pillars from the H and Ks sourcesde-
tected in this obsenation following Lada, Alves& Lada (1999). Sincethe typical H-K color
of the badkground sourcesaround the pillars is estimatedto be 1 mag, the H-K color
excesgoward the tails is 0.5-1mag. This suggestsA, of 8 16 mag toward the tails.
A, toward the headsmay be signi cantly higher than this, becausefew sourcesare detected
at H.

We selectedY SO candidatesbasedon Fig. 2. For simplicity, we classifythe sourcesnto
three groupsidentied in Fig 2. \F" sourcesare located in the color-color region between
reddening vectors projected from the intrinsic colors of main-sequencestars (dwarfs) and
giants on the color-color diagram; \T" sourcesare located redward of the region \F" in
terms of H-K color, but blueward of the reddeningline projected from the point of (J-H,
H-K)=(1.1, 1.0), which is the truncated point of the T Tauri locus of Meyer, Calvet, &
Hillenbrand (1997);\P" sourcesare thoselocated in the region redward of region\T". We
took photometric errorsinto accoun for this classi cation, i.e. \T" sourcesdo not include
sourceswhose photometric errors could possibly make them \F" sources,but do include
thosein the \P" regionwhich have a possibility to be \T" sources.
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The \F" sourcesare consideredto be eld stars (main-sequencestars, giants), classl ||
objects, or classll objects having small near-infrared excess.\T" sourcesare considered
to be classical T Tauri stars (class|l objects) with large near-infrared excess,or Herbig
Ae/Be starts with small near-infrared excess. \P" sourcesare most likely class| objects
with thermal emissionfrom the circumstellar envelope (protostar like objects) or Herbig
Ae/Be starts.

In Fig. 3 we shaw the spatial distribution of YSO candidate sourcesidenti ed by the
classi cation above. \T" sourceqdiamonds)and\P" sourcegcrosseskre locatedon a wide
H image. Many YSOsare known to be assaiated with the certral part of NGC 6611and
its surroundings(e.g., Ogura, Sugitani, & Pickles 2001). Somesud YSOs are distributed
farther away toward the NW, N, and NE of the pillars within the larger JHKs image (Fig.
1). Also there are someYSO candidateswhich may be asswiated with molecular clouds
located toward the West of the pillars, taking into accoun their extinction estimated by
using their H-K colors. In order to concertrate on star formation in and around the pillars,
Fig. 3 shows only YSO candidatestoward the pillars region itself.

The distribution of the YSO candidatesin Fig. 3 is clearly correlated with the pillars,
exceptonesnear the upper-left (NE) corner, which may be YSO menbers of NGC 6611as
descrited above. Particularly noticeablein Fig. 3 are the YSO candidatessurrounding the
double head-tail structure , and located just outside or on its border. YSO candidatesof

1 are mostly located on the sideand around its head, facing toward the main exciting star
of M16. A few YSOsdelineatethe boundary of .

There are six \P" sourcestoward the pillars (Fig. 3). Judging from the IR and optical
images(Fig. 1 and 2) v e\P" sourcesmay be located just at the pillar tips, or at the tips
of protrusions in the pillars. Only one\P" sourcesituated between ; and , may be a
badground sourcenot assaiated with the pillars or their neighborhood molecular clouds.

\P" sourcescould be youngerthan \T" sources,and the regionswhere sud sources
are located are worth examining in detail from the point of view of recern star formation.
Enlargemerts of three regionscortaining four \P" sourcesare shovn in JH & Ks composite
colorin Fig. 4.

Source P1 of Fig.4a (top), is located at the tip of 4, just at the edgefacing the
HII region (Allen et al. 1999). It is probably a double source. Fukuda, Hanava & Sugitani
(2001,submitted to ApJL) nd apeakof 2.7 mm cortinuum emissiontoward the P1 position,
suggestinghat Plisreally a YSO with a circumstellarervelope or disk. It is alsonoteworthy
that there exists a cometary nebulosily extending toward the SE direction from P1. It is
likely a YSO jet from P1 or re ection light from the cavity which was createdby an out o w.
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Also another source(N) with a cometary nebulosiy is found. This sourceis detected at
H and Ks, but not clearly detectedat J. The sourceP2 is located at the tip of the EGG
M16-E25of Hesteret al. (1996), and wasreported to be detectedat 6.7 m (LW2 of ISO) as
a discretesourceW (Pilbratt et al. 1998).

The sourceT1 situated at the tip of , is ass&iated with an extendednebulosily as
seenin Fig. 4b (middle). This nebulosity seemgo have a dark lanein its middle, suggestie
of indirect light scatteredby a large disk. The two optical re ection nebulaein Fig. 10b of
Hesteret al. (1996) might correspnd to thesetwo parts of the infrared nebulosity. Fukuda,
Hanawa & Sugitani (2001) again detected a point sourceof 2.7 mm cortinuum within a
half size of their syrthesizedinterferometer beamsizefrom T1. This lends support to the
possibility that T1 hasa large circumstellar disk and is alsoa classl like object. The source
P4 seemdo be situated in the immediate vicinity of the tips of M16-E73.

The sourceP3 of Fig.4c (bottom) is locatedjust at the tip of M16-E31and wasdetected
at both at 6.7 m and at 14.7 m (Pilbratt et al. 1998). This may be a YSO which formed
very recerly. The sourceT2 is located just at the tip of M16-E42 and may be a YSO as
was pointed out by Hesteret al. (1996).

4. Discussion

The head-tail structures which point toward the OB stars of NGC 6611suggeststrong
interaction with UV light from the OB stars and may be in accordancewith the hypothesis
that most of massof the pillars (  10-60M ) is concenrated in the head cores,as reported
by White et al. (1999). This interaction was also suggestedby White et al. (1999) and
Fukuda, Hanawa & Sugitani (2001).

Given the good spatial correlation between the YSO candidates and the pillars we
beliewe that most of them, including oneswith other YSO signatures, are probably real
YSOs. Moreover the very closeassaiation with the pillars and absenceof YSO candidates
betweenpillars suggestthat they may have beenformed quite recerly in the pillars or their
companionglobules,and are di erent from the YSO populationsin the certral part of NGC
6611.

The YSOsshav someconcettration toward the tips of ; and ,. The sourcesP1 and
T1, which are probably classl objects, are located just inside the tips of ; and ,. Other
\T" sourceswhich may well be classl| objectsor T Tauri stars, are locatedjust outsidethe
tips on the side of the certral part of the HII region. This situation is very similar to that
of somebright-rimmed cloudsassaiated with IRAS point sourceshaving cold color indices.
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Sugitani, Tamura, & Ogura (1995) revealed that those bright-rimmed clouds accompary
small clusterswhich are closeto the IRAS positionsbut slightly further alongthe cloud axis
toward the tip and extending further out, and suggestedstar formation by radiation-driven
implosion (e.g., EImegreen(1993) and referencegherein; Le och & Lazare (1994)). Since
the tips are alsoconsideredo be interacting regionsas mertioned above, star formation due
to this medanismis likely here.

Other \P" sourcesP2, P3, P4, arelocatedat the tips of the globulesor the protrusions
of the pillars. Sincethey are classl| like objects with their JHK colorsand/or the detection
of mid-infrared and are consideredto be very young, it is alsolikely that they formed due
to a similar interaction in the tips of ; and ,. Sinceonly a few YSO candidatesare
detectedtoward the EGGs in this obsenation, there might not be a substartial amourt of
star formation assaiated with the EGGs.

In summary, the YSO distribution and the cloud structures suggestthat the mostrecen
star formation in the elephan trunks is taking place asa result of the interaction with UV
light from OB starsin NGC 6611.

We thank the UH 2.2m sta for supporting this rst light run of SIRIUS. This work
was nancially supported in part by a Grant-in-Aid for Scieni ¢ Researb of the Ministry of
Education, Culture, Sports, Science,and Tednology (Nos. 10147207,1014721412003876,
12004032and 12004257).
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Fig. 1.| JHKSs three-colorcomposite image of M16 (J: blue; H: green;Ks: red) which was
obtained by SIRIUS mounted on the UH 2.2mtelesco®. The eld of viewis 4:7° North
is up, and eastis to the left.
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Fig. 2.| JHK color-color diagram for unsaturated near-IR sources(Ks>12) with photo-
metric errors <0.1 mag in M16. The intrinsic colors of giants and dwarfs are taken from
Bessell& Brett (1988)and are transformedto the CIT systemby usingtheir transformation
coe cients. The locusof the classicalT Tauri starsis shavn (Meyer, Calvet, & Hillenbrand
1997). Reddeningvectorsare alsoshovn (Cohenet al. 1981).
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Fig. 3.] YSO candidatessuperimposedon a wide H image obtained with the UH 2.2m
+ WFGS, which is the sameas Fig. 1m (lower half) of Ogura, Sugitani, & Pickles (2001,
submitted to AJ). Diamondsindicate the positions of \T" sourcesand crossegpositions of

\P" sourcesfrom Fig. 2.
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Fig. 4.| Enlarged JHKs imagesof the tips of ; (top) and , (middle), and the middle of
1 onthe SW side (bottom). The eld of viewis 36". North is up, and eastis to the left.



