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of IrelandSummary. Knots are 
ommonly found in nearby planetary nebulae (PNe) andstar forming regions. Within PNe, knots are often found to be asso
iated with thebrightest parts of the nebulae and understanding the physi
s involved in knots mayreveal the pro
esses dominating in PNe. As one of the 
losest PNe, the Helix Neb-ula (NGC 7293) is an ideal target to study su
h small-s
ale (∼300AU) stru
tures.We have obtained infrared integral-�eld spe
tros
opy of a 
omet-shaped knot in theHelix Nebula using SINFONI on the Very Large Teles
ope at high spatial resolution(125 mas). With spatially resolved 2µm spe
tra, we �nd that the H2 rotational tem-perature within the 
ometary knots is uniform whereas the vibrational temperaturede
reases towards the tail. The rotational temperature of the 
ometary knot (situ-ated in the innermost region of the nebula, 2.5 ar
min away from the 
entral star),is 1800 K, higher than the temperature seen in the outer regions (5�6 ar
min fromthe 
entral star) of the nebula (900 K), showing that the rotational temperaturevaries a
ross the nebula. The obtained intensities are reasonably well �tted withthe 27 kms−1 C-type sho
k model. The gas ex
itation 
an also be reprodu
ed witha PDR model, but this requires an order of magnitude higher UV radiation. Bothmodels have limitations, highlighting the need for models that treat both hydrody-nami
s and the PDR.
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tionIn re
ent years it has be
ome 
lear that knots of dense material are 
ommon innebulae, in
luding both Planetary Nebulae (PNe) (e.g. [20℄) and star-forming regions(e.g. [14℄). In the best studied PN 
ase, that of the Helix Nebula (NGC 7293), knotsin the inner regions have a 
omet-like shape [21℄ and are thus known as 
ometaryknots. The Helix nebula is estimated to 
ontain more than 20,000 
ometary-shapedknots [18℄. The apparent 
ommonality of o

urren
e in PNe of these knots has lead tothe assertion that all 
ir
umstellar nebulae are 
lumpy in stru
ture (e.g. [20, 25, 13℄).As knots o

upy the brightest parts of the planetary nebulae, understanding theirphysi
al nature is essential to understanding the dominant physi
s governing thenebula.In addition to being seen as inhomogeneities within the ionized gas emission fromnebulae, the knots also 
ontain mole
ular gas [25, 26℄. The ex
itation me
hanismsfor mole
ular hydrogen in planetary nebula have long been 
ontroversial, with 
on-tention between �uores
ent/thermal ex
itation in photon-dominant regions (PDR)or sho
k ex
itation. [28℄ and [3℄ showed that vibrationally ex
ited H2 (by FUV pump-ing) tra
es the surfa
e of dense regions in the pro
ess of be
oming photo-ionized.On the other hand, mole
ules 
an form in a post-sho
k region [19℄, and H2 
an beex
ited by sho
ks [1, 10℄. A 
omparison of models with spatially resolved spe
tra,whi
h 
overs multiple line ratios, will help understanding the ex
itation me
hanismof H2.The Helix Nebula (NGC7293) is one of the nearest PNe, with a largest diameterof more than half a degree [11℄ and a parallax distan
e of 219 p
 [9℄. Be
ause of itsdistan
e, small-s
ale stru
tures inside the nebula are resolved well and this nebulais used as a proxy to understand the stru
tures found in PNe.2 Observations and AnalysisA knot in the Helix Nebula was observed by the Spe
trograph for Integral FieldObservations in the Near Infrared (SINFONI) [6℄ installed at the Cassegrain fo
us ofthe Very Large Teles
ope. A 
on
ept of the Integral Field Unit (IFU) is demonstratedin Fig. 1; a sli
er unit splits the �eld of view into individual spatial elements whi
hare passed to the spe
trometer. We used the grating for the K-band and the spe
tralresolution λ/∆λ is 4490. The spatial resolution of the instrument is 125×250 mas2.After the data redu
tion with GASGANO, the �nal pixel was re-sampled to a 125mas s
ale plate s
ale image.The 
oordinates of our target knot K1 are 22:29:33.414, −20:48:04.73 (J2000).This knot is about 2.5 ar
min away from the 
entral star (Fig. 2). The knot is lo
atedat the inner rim of the ring-shaped nebula �lled with 
ometary knots. A nearby star(RA=22:29:33.017 De
=−20:48:12.68) was used as Adaptive Opti
s (AO) guide star.[15℄ des
ribes the details of the observations and the analysis.
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Fig. 1. A demonstration of integral �eld unit observations. A spe
trum is obtainedat ea
h element, and image at spe
i�
 wavelength is re
onstru
ted by 
ombininginformation of all of the elements.
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1 arcminFig. 2. The lo
ation of the 
ometary knot K1 is plotted on the F658N ([NII℄+Hα)image [23℄, together with the AO guide star. The star symbol indi
ates the pla
e ofthe 
entral star.



90 Matsuura et al.3 Des
ription of the dataFig. 3 shows the image of the 
ometary knot K1 as seen in 2.12 µm H2 line. Theknot shows an ellipti
al head with a narrower tail. The brightest emission is foundin a 
res
ent near the tip of the head. The 
res
ent ends in two linear segments,indi
ated by the lines in Fig. 3. These segments are not 
o-aligned and deviate fromthe dire
tion of the narrower tail. Overall, this gives the impression of a `tad-pole'shape.Fig. 1 shows example spe
tra. At most twelve H2 lines (three of them with lowsignal-to-noise ratio) are dete
ted by SINFONI. The Brγ line is not dete
ted.Fig. 4 shows the energy diagram of the H2 lines at the tip of the knot and at1 ar
se
 away from the tip. The slopes in the diagrams show that the line intensitiesfollow an T = 1800 K Lo
al Thermodynami
 Equilibrium (LTE) distribution. [15℄shows that the temperature remain 
onstant from the head to the tail throughoutthe knot.
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Fig. 3. An image of the knot at 2.12 µmH2 v=1�0 S(1) line. The shape of the knot isa tadpole, i.e., a head with a tail whi
h is narrower than the head. The brightest pla
eis found in 
res
ent-shape tip. The 
ontour shows the surfa
e brightness of 2.12 µmH2 v=1�0 S(1) line at 0.2 × 10−7, 0.5 × 10−7, 1 × 10−7, 2 × 10−7 Wm−2 sr−1.
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Fig. 4. The energy diagrams at the brightest tip (a) and at ∼1 ar
se
 away fromthe tip (b). The thi
k lines show the LTE 
ase for 1800 K and the 
olumn densitiesare indi
ated in the �gure. For a 
omparison, we plot the 900 K LTE line, as derivedfor H2 lines dete
ted in the outer region of the nebula [5℄
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10 arcminFig. 5. Slit (pixel) positions of H2 spe
tros
opi
 observations and H2 ex
itationtemperatures



92 Matsuura et al.Table 1. Intensities of H2 lines at area (a)�(
) and ratios with respe
t to the v=2�1S(1) line. The line ratios are 
ompared with those predi
ted with a C-type sho
kmodel by [12℄ Wav Transition Obs ratio Prd ratio2

µm1.958 v=1�0 S(3)† 220 912.034 v=1�0 S(2) 36 362.073 v=2�1 S(3) 42.128 v=1�0 S(1) 100 1002.154 v=2�1 S(2) 32.224 v=1�0 S(0) 22 222.248 v=2�1 S(1) 92.407 v=1�0 Q(1)† 99 752.413 v=1�0 Q(2)† 29 242.424 v=1�0 Q(3)† 99 702.438 v=1�0 Q(4)† 30 20
1Line ratio with respe
t to 2.128 µm v=1�0 S(1) line
2Theoreti
al line ratio from [12℄
†These lines have a large (∼30%) error in relative intensity 
alibration due tothe in�uen
e of H2O in the terrestrial atmosphere. They are ex
luded from the
omparison with models.
‡ Marginal dete
tions4 Dis
ussion4.1 Ex
itation diagrams and temperaturesThe H2 ex
itation diagrams are �tted by a single LTE temperature of 1800 K. Thisis mu
h higher than [5℄ who obtained 900K by �tting pure-rotational lines up tothe S(7) transition. The region where [5℄ observed is lo
ated at the western rim ofthe nebula, and is 5�6 ar
min away from the 
entral star (Fig. 5). The pixel size oftheir ISOCAM data was 6 ar
se
 and emission from multiple knots 
ontributed toea
h single pixel. In 
ontrast, our target is a single, isolated knot lo
ated at theinnermost region of the �o
k of knots (2.5 ar
min from the 
entral star). [22℄ alsoobtained an ex
itation temperature of 988K from 5�15 µm spe
tra in the outer partof the nebula. Their two slit positions are 5.6 and 4.2 ar
min from the 
entral star,and the slit size is 3.6×57 ar
se
2.The di�eren
e in measured temperatures shows that the ex
itation temperatureof H2 is not uniform within the Helix nebula, although a 
areful understandingof di�erent H2 transitions is required. The H2 mole
ules rea
h higher temperaturewithin the inner region (Fig.5). From about 2.5 ar
min to 5 ar
min away from the
entral star, the ex
itation temperature de
reases from 1800K to 900�1000 K. Thisprovides eviden
e for temperature variations within the nebula.
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itation me
hanisms of mole
ular hydrogenThe line intensity ratio is 
ompared with theoreti
al works. The 
ometary knot K1emits a 2.12 µm 1�0 S(1) line intensity of 2 × 10−7 Wm−2 sterad−1. The adoptedun
ertainty is a fa
tor of two. The 2�1/1�0 S(1) line ratio is ∼ 0.1± 0.02 at the tip.[4℄ 
al
ulated line intensities of 1�0 S(1) and 2�1 S(1) lines for J-type sho
ks,C-type sho
ks and PDR models. The measured line intensities and ratios 
an be �tequally well under several model 
onditions.The speed of ambient gas for C-type sho
ks is vs ∼ 27 kms−1 to �t the H2 lineintensities and line ratios, from theoreti
al work by [4℄. [12℄ further gave the predi
tedline ratio for other lines, whi
h are 
ompared with observed ones in Table 1. Thepredi
ted and observed line ratios are well 
onsistent. Within an expanding nebula,hydrodynami
 e�e
ts will 
ause signi�
ant velo
ity gradients [24℄, as are observedin PNe [7℄. [16, 17℄ postulate turbulent velo
ities ≥ 10 kms−1 (i.e. larger than thesound speed). A C-type sho
k velo
ity 
ould be asso
iated with su
h motion.PDR may be possible, but in
rease of UV radiation �eld is required. The FUV(6�13.6 eV) �ux at the knot K1 is about G0 = 8, where G0 is the FUV radiationmeasured in units of the [8℄ �ux. This is based on [27℄'s estimate based on a luminos-ity of the 
entral star of 76L⊙ and a distan
e of 219 p
. The required UV radiationin [4℄'s model is G0 > 1 × 104, whi
h is an order of magnitude higher than theestimated UV radiation �eld strength at the knot K1. A similar results are obtainedwith independent PDR model developed at UCL [2℄.In 
on
lusion, among the existing models, sho
ks 
an reprodu
e line intensitiesbut higher velo
ity than the known wind speed is required. PDR models have di�-
ulty in reprodu
ing the high observed temperature at the lo
al density, and requirea drasti
 in
rease in the the UV radiation strength. The existen
e of a PDR regionis not in doubt, but it may not 
ontribute signi�
antly to the H2 ex
itation in theknot K1. Both models have limitations, highlighting the need for models that treatsboth hydrodynami
s and the PDR.Referen
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