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ABSTRACT

We have  inlaged  several  young plallctary  nebulae  arid proto-planetary

nebulae in the v = 1 + O S(1) line of molecular hyclrogen  at 2.12 pm, the

hydrogen BrT line at 2.16 ILIII, at nearby continuum wavelengths, and broadband

to probe the structure of the halo regions a[ld to cxalllirlc  (lctailecl  structure

in the core. A numbcrof  studies of atomic ancl lllolccLllarel~lissioll  from

planetary ancl prot~plandary  nebulae at millimeter, near-infrared, ancl visible

wavelengths have revea]cc] high velocity outflows that suggest the presence

of shocks with a wide range of velocities. Moderate velocity shocks arc an

important excitation mechanism of molecular hydrogen. Fluorescent excitation

of H2 is also important in some planetary nebulae such as in NTGC 7027 and hl

2--9. The spatial clistribution  of the 112 v = 1 + O S(1) line can help to identify

the important excitation mechanism in the planetary nebula.

The new images prcsclltecl  llcre  have high  spatial resolution ancl are very

sensitive to low levels of emission. We compare our new data to existing

imaging and spectroscopic data to give clues  as to the structure and formation

of planetary nebulae, the role of shocks, and the evolution of photon-clomiuatecl

regions. Striking new comp]cxity  in structure, sLlch as fi]iments,  krlots,  and

cliffusc  emission, is found in the several objects. ‘J’his  complexity is often

difllcult to understand. It is apparent that conditiolls  recluired  for excitation of

near-infrared 112 emission are colnlnon  in ~Jlanctary  nebulae. \\’e  })riefly consicler

implications of our nelv i]na,ges  to an understanding of the prescllce of molecular

material and the evolution of these objects.

Subjml headings;  planetary  nebulae:  general IShl:  Inoleculcs  - IShI:  s t ruc tu re

i n f r a r e d :  ISIV1: colltillllllll]  - ir]frarcd:  ISNI: Iillcs  a n d  bands  - Illolecular
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1. Introduction

Interest in plallctary  nebulae has growl] considerably in the past few years, in part as a

result of the recognition of tlie importance of mass loss to the late stages of stellar evolution

and to the injection of processed material into the illtcrstcllar  medium. A Ilumbcr  of studies

of molecular emission from protmplanetary  nebulae (1’PN)  at millimeter and near-infrared

wavelengt}~s now exist. The detection of molecular hyclrogen  from a considerable number

of PNe (Zuckerman  & Gatley 1988; Kastner et al. 1996; ]Iora, I,atter, & IIeutsch 1 9 9 8 )

shows that the molecular signature of asymptotic giant branch  (AGB) mass loss and the

PPN phase can be found well into the evolution of PNc. ]12 emission has generally been

attributed to the presence of shocks in the nebular shell, but UV pumped near-infrarecl

fluorescence can also be important. ‘l’he 112 v = 1 + O S(1) cliagnostic

for tracing structures in the nebula ancl its halo, giving information on

where interacting wincls are shaping the nebulae. CC]) observations of

line is important

jets and regions

PNe have shown

evidence  at visit~lc  wavelengths of multiple shells  ill  some objects, suggesting several phases

of mass ejection from the central star (Jewitt et al. 19S6). hlultipIe  mass loss cpisoc]es are

something that might, be investigated in more detail through molecular observations. htost

studies of molecular hydrogen emission from PhTe have been carriecl  out with low spatial

resolution (5” – 20”). IIigh spatial resolution is required to reveal the nature of the emission

components. ITor example, Graham et al. (1993a) have imaged the PN NGC 7027 at high

spatial resolution in 112 as well as I~r~, Bra, and tllc 3.2S ~~nl dust feature. ‘1’heir images

show 112 to he in a thin-shell structure at a greater radius than the 11 II region, and at the

inner eclge of the CO shell. ‘1’hey conclude that the 112 elnission  is cxcitml by ultraviolet

radiation in a photodissociation  region.

It has bcell show[l  that there is a strong correlation between nebular morphology and

I]lolccular  col]tcllt,  such that nlolecular  (CO al~d IIz ill particular) are found, for tile most
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part, only in bipolar-type nebulae (e.g., Zuckcrn~;~t~  S: Catley 19SS; IIuggills  et al. 1996).

I<astner et al. (1994, 1996; scw also I,attcr et al. 1995) Ilas imaged several PNe ill 112 and

has suggested that some ring-like l’Ne  are actually bipolar Ilebulac  scml pole-on. ‘1’he

Galactic clistribution  of bipolar nebulae suggests that they have descended from relatively

massive progenitor stars (Corradi & Schwarz 1995).

In this paper we present new broad ancl narrowbancl

planetary nebulae accluirecl with a small pixel/large format

near-i  nfrarcd  images of young

camera. I’hcsc  clata  arc typically

of very high sensitivity. We are able to cleterrnine the morphology ancl total spatial extent

of the emitting molecular hydrogen regions ancl cletermine  the relationship of this emission

to that of hydrogen Brackett  -y. F’irst, we cliscuss tile observations ancl present the data.

2. Observations and Reduction

observations were ~nade or] Mauna  Kea were made cluring  two observing sessions (1995

January 21 - 22 atlcl Aug~~st  3- ,5 [Jr]’)  using  the University of IIawaii  ([111) 2.2111 telescope

and the QIJick  InfraRecl  Camera (Q IJIRC).  QIJIRC utilizes a 1024 x 1024 pixel lIgCdTe

‘ ( IIawaii” array (Hoclapp et al. 1996). We used the telescope in the fl O configuration,

giving a pixel size of 0’!18 pixel- 1. Measurements were macle in the I<’ bandpass  ant{ fixccl

wavelength narrowband  filters were used  for obscrvat  ions of llr~, 112 v = 1 + O S(1) (1 Yo

spectral wicltll),  ancI A = 2.23 — 2.29 j~n~ colltirluunl  (2.7% spectra] ~vidth).  Ilecause  of the

much broacler  bandpass  of the 1111 continuum filter relative to the line filters, ancl possible

]Iz line contatnination,  continuum subtractio]l  requires some scaling  of the clata,  and caution

should  be usec] when interpreting these clata. Conlbinillg  of the line atlcl  continuum data

using  a clifferent,  color for each proved to add too nlucll  llllcertaillty, while a subtraction

clearly rcvcais  the location of I)right  conti]luum  that does not Il]atcll  well t~etwcc>ll  tllc  two

filters. \\Te address these uncertainties tvhcn  prese[lt if[ tile  sections that follo}v.  !+eil]g  on
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hlauna Kra at A = 2.2 ~[nl was typically 0’!,5 - 0!’7 while these  data wrr being taken.

‘1’hc final images were constructed froln  Inany short  ex~)osures  that were individually

sky-subtracted and flat-fielded before being shifted and averagecl.  h’or extended sources,

the telescope was nodded to nearby regions of blank sky to obtain sky frames. Compact

sources coulcl  be observed efficiently by rastcrin.g  them on the array. In this way, one object

frame acted as the sky  frame for the next. ‘1’hc indivic[ual  sky images tverc median-filterecl

and then subtracted from the individual frames at the same wavelength. F’lat-flelcl  and

dark frames were producecl  by averaging images using a flat-field screen at two clifferent

illumination levels. All of the clata  were reclucecl  using standarcl  IRAF’ routines. Flux

calibration was determined by comparison with standard stars from Eli as et al. (1982). It

is important to note that there can be a contribution from lIe I 33P0 — 43S at A = 2.114 pm

in the 112 narrowbanc] images. In virtually all cases, sLIch a contributioll  can be cletermined

from the location of the emission. For  most of the objects presented here, this lIe I

contribution is not a probleln  for the interpretation of the obscrvecl  emission. ‘J’he clata  are

sunlnlarizccI  in Table 1, and filter parameters are listecl in ‘1’able 2. ‘1’hc grayscale  images

ate presented in Figures 1 - S (Plates # - # ??). lJnlcss cxtencled  emission is founcl, the

full ficlcl of view (% 3“) is shown only for those I’N for whcin extended emission was seen.

3. Results and Discussion

A number of evolvccl PNe have what might be considered “extenclecl” emission

(elnission  that is founcl to to be prese]lt beyoncl the region  traditionally callecl the planetary

nebula  - the brightest emitting part of the ionized gas) from both atomic and molecular

Inaterial (for exalllple  NC, C 6720;  the Iling Nebula; see e.g. I,atter et al. 1995 and Iiastner

et al. 1994). l~or this stucly,  we Ilave i[lvcstigatecl  if any of the’ ;vcll-stucliec]  young ]’Nc ancl

1’1’Nc nave  detectable  extenflecl  n]olecuiar  hydvogen  elnission. Of the objects cxaltlillccl,
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nofle were  found to have C]nissioll  beyond that which was previously known.  IIowevcr, in

scweral cases to bc discussed, sig[]ificantly  lllorc  elllission  and structure was fou[ld,  addirlg

to our understanding of the large scale  structure of these  objects.

Additionally, these new images arc of sufficiently high spatial resolution to make it

possible for us to locate with precision from where in the compact nebula the previously

detected emission is coming, and in some cases structure is revealed in much higher detail

than was previously possible. Targets were chosen to be among the most often stucliecl

objects that also have detected 112 emission (except one, IC 2149).  In this section, we

discuss the results for each object ancl consider the implications.

3.1. AFGL 6 1 8

AFG1,  618 has been stuclied  extellsively  at infrared wavelengths (W’estbrooli  et al. 1975;

1.atter et al. 1992; Kelly, I,attcr, & Rickc  1992; I,atter  et a]. 1995). I’rcvious  images have not

l)een  of sufficient spatial resolution to determine the exact location of the strong molecular

hydrogen emission. IJatter et al. (1995) were able to produce a colltillLILllll-s  Ll}Jtractecl  image

that shows the general clistribution  of 112 to be within the polar regions. ‘l’his is consistent

with other objects of its type, such as AI+’G1,  2688. An unusual feature of AFGL 26S8 is

prominent emission from 112 in what appears to be an equatorial torus (e.g., Latter et al.

19913).  It is of interest to find  the origin of this emission (see $13.2) and to fine{ if it occurs in

any other objects of similar morphology and evolutionary state. Our new images of }\II’G L

61S go considerably deeper than previous Ivorli , so wc expect them to sltotv the location of

all detectable 112 emission from the object. NTo equatorial emission is found.
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compared  to tllc  112 filter,  the quality of tllc  subtraction] is worse at, atld  very  Ilcar  tile

bright  continuuln  peak. In spiteof this uncertairlty,  it is very clear ttlat we have resolvccl

the 112 cnlission  into the twc) lobes. In addition  solne  structure within the lobes is found.

‘1’hcreis  a pronounced asymmetryof  the IIZ elnission  in the western Iobc. “1’his asymmetry

is not, visible in the continuum image, but only  in 112 clnission. ‘lThe eastern lobe appears

much more symmetric, with a peak in the emission approximately centered within the

visible lobe. “Spikes” of emission at the eastern most end of the HZ elnission are likely

a result of brightening near the lobe surface. ‘J’his  morphology indicates that molecular

hyclrogen  is excited not only by an interacting wind shock within  the lobe (the bright peak),

but also lJV photon excited along the inner edges  of the lobe. Such a result is consistent

with the findings of Latter et al. (1992), who rcportcc]  that the 112 is excited predominantly

by shock heating, but there is a]so a component of lJV-punlpecl  fluorescence emission in

a photoclissociation  region (PDR). Such a morphology of the PDR is clearly seen  in the

bipolar PIN hf12- 9 (IIora & I,atter 1994). ‘J’he relatively low intensity of the fluorescent

emission in AFWL 618 compared to that expected fro]n  a l~earby 110 star lCCI l,attcr et al.

(1992) to co,lcludc that the [JV flux from the central star must be attenuated by clumps or

some other similar component (see also Kelly ct al. 1992; Schmiclt  k Col Len 19S1 ). If the

limb brightened emission at the lobe eclges is the location of the PDR in AFG1,  61S, then

the morphology would again be consistellt  with the fincIings of I,atter et al. (1 992). We

find 110 evidence for the proposed clumps. IIowcver, the Inuch  slnaller  filling factor of the

apparent PI)R region coln~)ared  to the shocked gas that fills ]nost  of the lobes  brings into

question tllc neecl for shielding of tile  molecular gas by clulllps. ‘1’he observed nlorpllology

could bc caused by swept-up rnatcria]  during wind i]lteractions  as ~vell. Very high spatial

resolution spectroscopy of the Ilz spectum  and imaging  in tile  I)riglltest  lines  is required

before the origin of the IIz emission al]d the structure of f\ IJGIJ 61S can be u[lderstood.
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3.2. AFC+L  2688

AII’GI,2688  (the “Egg  Nebula>’; Ncy et al. 1975) has been  studicxl  extensively (see

I,atteret al. 1993 and refcrellces tllereir~; Sahai et al. 1997a, b). In addition toprominant

112 emissionin  the polar lobes, this object has an enigmatic region ofr~loleclllarllycl[ogell

that appears as a ring-, or torus in the equatorial plane. ‘1’he interpretation of this region

is in debate (e.g., Skinner et al. 1997). Recent obsmvations  by II SrJ’/NIChfl  OS of AF(~I,

2688 in 112 (Sahai et al. et al. 1997b) have not scttlecl  the issue. Because of the importance

this emission has to our understanding of this object, it is valuable to image it with a

~i,icle fiel(]  and in as nluch detail and sensitivity as possible. In acldition, as initially  shown

by Latter et al. (1993) and Crabtrec  & Rodgers (1993), AFWI,  2688 shows a striking

“X-shaped” morphology in scattered red light (see  also Sahai et al. 1997a). By cletermining

the wavelength clependance  of this scattered elnission,  it Inight be possible gain important

information about the properties of the scattering grains. Our images are deep enough

to examine both of these properties, in additio!l  to giving information al)out  any  other

extended near-i nfrarecl  emission not previously detected.

We clisplay the images of Ah’GI, 26S8 in Fig. 2. ‘1’he K’ image in h’ig. 2a shows  clearly

that many of the features founcl  in the 1- batld (I,attcr et al. 1993) and with lIS’1’/WFPC2

(Sahai et al. 1997a)  are present at the longer wavelengths as well. The ncw  IIS1’/NICMOS

image of Sahai  et al. (1997L)  hints at the presence of elnission  arcs in the continuum of the

type seen at shorter wavelengths. “1’his  2.2 pIn  image clearly sllo~vs  tllc same features well

beyond  the dominant polar lobes. In addtioll,  the “X-shaped” morphology is clearly visible.

IIoJvcver,  this image shows it to be asym]netric,  with the north-easter]l  ancl south-western

spikes to be t.~riglltcr than ttle opposing spikes in the same lobe. ‘1’0 a much lower degree,

this type of asym[netry  is secti ill the images of Sahai et al. ( l’ii!)’is), but the southern lobe

smvns to have the opposite sc[w to our image here. ‘1’lle origin  of this tyl)e  of asymmetry is
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]Iot cxp]aincd  by the classical model for Ah’(; l, 26SS (see  [,attcr ct al. 1993) or the revised

Inodcl  of Sahai  et al. ( 1997a).

The narrowbancl  112 image shown in Fig. 2b and the contilluunl  inlage in F’ig. 2C hint

that the asymmetry in the ‘ (X-shaped” features is real. ‘1’IIc IIZ image SILOWS th i s  more

clearly in spite of comparable sigllal-to-lloisc  ratios in the continuum. ‘1’his  7night  suggest

that the asymmetry seen the the spikes is a result of scattering of the 112 emission itself.

Such off-axis scattering requires that the 112 emission not be centerecl  within the lobe, which

is seen. This suggestion requires verification using narrowband  polarimetry  observations of

the line and continuum emission.

Our images show no hint of the ac{ditional  off-axis 112 emitting regiclns reported by

Skinner et al. (1997). !l’he existance  of these new regions arc a key feature to the raclical

new model presented in their paper. Skinner et al. briefly suggested that these additional

features could  be causecl  by ghosting in the Ilarrowhancl  filters. SLlch ghost itnages are

a freclucmt  problem in narrowband llear-IR in]agitlg. Our experience has shown  that the

bright continuum peak in AE’G1, 2688 can (and does) oftml causes ghosting  ill narrowband

images. From our new c]ata,  wc must cOIICIUCIC’  that the new 112 features are not, present in

the object.

3.3. BD+30”3639  and NGC 7027

Our new images of 111)+30°3639  and NGC 7027 (1’igs. 3 and 4) are of  considerably

higher spatial resolutiotl  tharl  previous data, wllilc  ha~’ing a lvide total field-of-view. ‘1’he

general results  arc consistent with earlier work (for cletailed  discussions, scc Graham et

al. 1993a, b; Ilora et al. 1993; Cox ct al. 1997; Sllupe  et al. 1997). No cxtelldccl  e m i s s i o n

beyol~d  that already knowl] Ilas beetl cletected. ‘1’llc co[ltitluu[ll  sllbtractio[~  ot~ly }las a large
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uncertainty at the location of tllc  central star for 111)+30°3639,  not affcctitlg  the details

of the 112 emission. In the NGC 7027 data, the subtraction uncertaitlty  is largest at the

location of the bright ring ancl within the itltcrior. Previous data has shown that there is a

contribution from IIe I within the filter bandpass  that is located at the bright ring, and that

there is no IIz emission within the ring interior (Kastner  et al. 1994;  I)atter ct al. 1995).

‘1’hc image shown in Fig. 3 has this region removed from the contoured data. We clo not

believe such a procedure has aclclcd  significant uncertainty to the }]z morphology, especially

when compared to earlier data.

In BI)+3003639  relatively low-level 112 emission is detected on the western side of the

nebula in acldition  to that clearly seen on the eastern sicle. There is no evidence for I]z

emission along the north/south axis (see, also, Shupe  et al. 1997). Such an asymmetry

in molecular emission might be consistent with the suggestion that 1]1)-t300363~  is

prcdonlinantly  a bipoIar morphology. ‘1’hc emission peaks  do not line up with the east/west

(major) axis of the ncbu]a, making it cliflicult to identify the exact morphology of this

object from the available data. ]Iowevcr , Shu]ie  et al. (1997) present a careful comparison

of the kinematics of various atomic and molecular components in 1~1)+3003639. These clata

likely  can be fit by a highly inclined butterfly-type morphology of the excited 112.

Our spatial resolution for both of these objects is sufficiently high to show clearly that

the 112 emission falls, for the nlost part, entirely outside tl]e  ionized region, consistent ~vith

Ivhat }vould be expectecl if all of the 112 e[nission  arises from PIIR surrounding the nebular

core.
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3.4. IRAS 21282 +2020 ancl lC 2149

‘1’hc l~car-infrared spectral  survey of PNe a[ld I’l>hrc by I1oM, I,atter, & Ikwstch

( 1998) detected JRAS 21282+2020  in 11, - confirming the detection by Shupe  et al.

(1994). ‘l’he images shown in I“ig. 5 reveal that the IIz emission fa]]s }vithin the visible,

colltinll~l][l-dolllillatecl  part c)f the nebula. An apparent bright peak of 112 emission is founcl

at the core. Ilowever,  the cc)ninuum  subtraction in this region is highly uncertain and this

emission peak should be considered tentative. Aside from the H2 emission, our near-IR data

show the object to be highly symmetric and slightly extended. l’he bright central peak is

the only  significant structural feature fount{ in these data. No newly cletectecl  extended

emission was found. The clistribution  of emitting 112 is found only to be located on the

south-western side of the nebula, similar to that seen in our llD+30°3639  clata  (see, also,

Shupe et al. 1998). Based on available near-n{ data, l,atter et al. (1995) classified lRAS

21282+2020  as peculiar. These ncw data reveal the object  more clearly. WC, therefore, now

suggest that the object is more closely associatcc{ with bipolar llebulae.

IC 2149 ~vas not detect.ed in IIQ in the spectroscopic survey of IIora ct al. (199S). M’e

also find no evidence for 112 emission in the current imaging data (lJig. 6). ‘1’he continuum

subtraction appears good throughout the ne}>u]a,  except at tl]c  location of the central

star. This object is classified as a peculiar morphological type (Halick 1987).  We do not

firid reason to change that classification based  on our new near-infrared data. ‘1’he lack of

obvious bipolar morl)hoIogy  is collsistent  with the lack of detected ]Iz (i. e., ~(astncr  et a].

] g~~). JIoIVeler, the overall shape is not unlike that of other strongly bipolar objects, such

as Af’’GI. 61S. IIigher  resolution data will be requited to firmly classify this object.
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3.5. M 1 - 1 6

‘J’he IIz emission from hfl 1-16 is shown clearly to be extended in large bipo]ar  lobes

at least 3.5” from the central core (see ~~ig. 7). No continuum is fount] in the extendc’d

polar regions, ancl no subtraction was attempted for the core region. The nlorJ~hology  of

the 112 emission suggests excitation by shocks on the outer edges ofa powerful bipolar

outflow or jet. ~’his interpretation is supported by observations of thefast wind reportecl

by Sahaiet al. (1994) and Schwarz (1992). IIowever, spectra of the lobe regions suggest

that interactions with UV photons is important to the excitation of the llear-infarecl  112

emission (Aspin et al. 1993). We find that the molecular emission falls  in apparent cones

surrounding the jet-l ikeatomiccvnission  (see Schwarz et al. 1992; Aspin et al. 1993). ‘1’here

is a clear asymmetry in the emission such that the northwestern region and the southeastern

region are considerably brighter than the opposing sicles. An arc of emission is visible in the

northern lobe.  Other similar structures might be present at low flux levels. It is apparent

that arcs and rings are a common feature of I’N and 1’1’N, suggesting that tilne-variable

mass loss rates are common as well.

The core of hl 1-16 is surprisingly circular i]~ appearance. Wreak enlission  is seen to

extend a short clistance away from tl]e core in the clirection  of the bipolar lobes. ‘1’he core

appears to be just resolvecl,  but no clistictive  features are present that lnight  help cletermine

the origin of the polar jets.

3.6. J 9 0 0

The small scale structure in the core of J 900 is clearly hi,glliy bipolar (Fig. S), ~vith

tfvo \Yell  resolved 10}xs at]d a visible  central star betwmn (see,  also,  tllc  detai led stlldy  of

.J 900 by SiIupe  et a l . 1{)~~). ‘1’hc o~~erall  core st, ructurc  is lery circular  and synlmetric  in
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appcmrancc, wl]ich is in stark  contrast  to the large scale structure vicwfecl in 112  emission.

An “indentation” in tile l~ortll-western lobe at the location where the 112 jet originates,

suggesting a lower  density wind channel in the core. ‘1’here is no contribution from

continuum emission to the extended 112 emission, and no subtraction was attenlpted  in the

core.

The overall appearance of the 112 emission is qualitatively similar to that seen in M

1-16- clear evidence for a bipolar wind, or jet, and the lobes  are asymetric  in a similar way.

We also find considerable highly structured emission that does not appear to be clircctly

relatecl  to the bipolar lobes. l’he most promenent  structure of this tylw is the ridge of

emission to the north-west. “J’here is a si[ni}arity  of the J 900 112 emission to the “beams”

seen in AFGL 2688 (Latter ct al. 1993; Sahai et al. 1997a). ]Iut, the origin must be clifferent

— the AFGL 2688 “beams” are seen in reflected continuum, the J 900 “beams” are only seen

in 112 emission. The emission in the north-eastern lobe has non-uniform brightness that is

similar to tllc ring structures found ill AFG1,  268S and otllcr  o}~jccts. This might inclicate

a periodic change in mass lc)ss  rate. If this is inclcd  the case, then the north-eastern riclgc

ancl other emission founcl arouncl  tllc  nebula could be remnants of early n]ass  loss episodes.

An alternative hypothesis is that the 112 elllission  is from a toriodal  clisk, not from polar

lobes. Such a morphology WOUIC1 be highly unusual when compared to c)bjects  for ivhich  the

morphology is known (see, e.g., I,attcr  et al. 1995; Kastner et al. 1996). An understanding

of the 112 kinematics of the lobes ancl nearby regions is rccluirecl.

4. Molecular Hydrogen Excitation in Planetary Nebulae and Proto-Planetary

Nebulae

A long standing prol~lelt~  ill tllc  interpretation of 112 emission frcj]]l interstellar and

circulllstcllar  ellviro]lrncnts  is l~llderstallcling  tllc  cxcitatiol]  mccl]anisnl. ‘1’tlrcc fu]ldalnclltal
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nlechanislns  are possible. One is cxcitatioll  of a near-i  tifrared fluorescence spcctruln

resulting from a rotational-vi  }~rationdl  cascade in tile  glound  electronic state follolving

elect rollic  excitation by the absorption a IJV photon in the I,yman  and kf’erner  bands

(Black & van I)ishoecli  19S7). ‘1’he other  is collisional  excitation in a warm gas (T~ >1600

K). While UV excitation in a low density gas produces an easily identifiable spectruln,

the level populations can be driven to produce thermal line ratios when the UV flux is

large ancl densities begin to exceed xl 04 cm ‘ 3  (Sternberg  & I)algarno 1 9 8 9 ) .  Detailecl

spectral ancl morphological analysis are often rec]uirecl  to determine an origin of the near-IR

spectrum. The formation of 112 on the surfaces of clust grains ancl in the gas phase is the

third excitation mechanism. While potentially important in isolatecl  regions of certain

objects, we do not consider this to be generally important in I’NT and prot~PN  relative

to the other two processes. This is because molecular formation in PN is relatively slow

compared to dissociation rates.

In I’N ancl 1’PN,  the s i tuat ion can be colnplicatecl  by both clominant exciation

mechanisms being present simultaneously, ancl in different forms. Several ways of exciting

near-lR emission from 112 have been idcntificcl  as possible: clirect  thermal excitation in ~varrn

gas createcl  behind  moderate velocity shockwaves, clirect  excitation by [JV photons from

the hot central star, and somewhat inclirect]y  by collisional  excitation in warm gas created

by rapid grain streaming (e.g.  Jura & Kroto 1990), ancl excitation through absorption

of I,o  photons (by an acciclmltial  resonances ~vith

R(6)  transitions of IIZ) ivhich  can bc generated in

l)ishocck  19S7).

t h e  IJIX~  – XIY~ v = 1 -2  P(5)  ancl

a llearby strong  shock  (e. g., Black  & van

‘] ’he first  tivo ll]ecl~anisl]ls  Ilave been  clearly identified in several I’N, such as thermal

exciatioll  in ~\lGl, 2688 (e. g., Ilora & I,atter 1994; Sahai et al. 199i’a), pure  [JV e x c i t a t i o n

ill a low clcl~sity  gas around I[ubble 12 (e. g., I)inc’rstein  et a l .  19SS; IIora & I,atter 1996;
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I.utltnan & Riekc  1996),  and UV cxci’ atiol]  ill a high density gas i[l M 11–9 (I Iora & Latter

19$4) and NGC 7027 (Graham et al. lW3b;  see also I[ora  et al. 199 S). A combined

spectrum  was found  from a cletailed  analysis of A1’{jt, 618 (I~atter et al. 1992). While  the

form of the excitation might be clear for these  and othm objects, it is not always eviclent

what is the source of the warm gas or LJV photons. Winds are present in A1’G[j 26SS that

could  directly shock heat the gas, but considerable grain  streaming is likely taking place as

well (see Jura & Kroto 1990).

Very fast winds and clissociat  ing shocks are present in AFGI, 618, hf 2-9 (e.g., Kelly,

I,atter, & IIora 1997), and M 1-16 (Sahai et al. 1994; Schwarz  1992) ancl all show clear

evidcncc  of UV excitation. Jn adclition,  the photon path to the Ilz emitting regions is

not clearly in a direct line-of-sight to the central star, which for photons  coming from the

central star suggests scattering in what is a fairly low density medium. Alternatively, we

arc seeing in each of these objects excitation of 112 at the bipolar lobe Jvalls  by lJV photons

generated within strong shocks produced by tllc fast wincls. ‘1’llis  hypot]lesis  lvas explorecl

by I,atter et al. (1992)  in AF’GI, 618, but the high relative intensity of the thermally excited

emission, ancl rather poor spatial resolution lil]litecl this analysis. The presmlce of very fast

winds in the lobes of each of these  objects, and the presence of IJV excited 112 emission at

the lobe walls strongly suggests that indirect excitation of the 112 is occuring  by interactions

with photons generated by wincl produced shockwaves. l)etailccl modeling of sensitive, high

spatial resolution spectra is required. It is also evidcvlt,  in general, that without detailed

spectra, IIz is a rather poor diagnostic of overall conditio])s  in l’NT alld  I’1’h’.

If ww conclude  that all of the ways to excite 112 ill I’NT and I’l’NT listed above arc present

al]d important, what does this imply for our ull[lerstandillg  of these objects and the utility

of lIz as a diagnostic”? It is now well ulldmstood  that the prescllce  of molecular emission

fro[n I’N and PPNT is tied to the morpl]ology  of tl]e objects such that if Inolcclllar  clllissiol~
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is present, ttlc  object has a

al. 1996; Kastricr  et al. 1996

jipolar  ltlorpllology  (e. g., ZuckcrIllaIl  & Gatlcy 19S8;  I,attet  e t

IIuggins  et al. 1997, al]d rcfcuences  therein). l)oes this suggest

that 112 can be mom easily excited in a bipolar nebula’? We have argued that 112 emission

is excited in nlultiple  ways in PNT and PPN. W’bile special conditions arc required for 112

emission to be seen in near-1~~ spectra, the conditions that,  c]rivc!  the excitation am common

in all I’N and PPN and arc not clearly dependent on morphological type.  fi conclusion t ha t

can be c]rawn from this argunlcllt  alone is that nlolecu]ar  material is present in nebulae with

a bipolar morphology and significant amounts of molecular material is not present in other

morphological types. ‘1’hereforc, objects that  have a bipolar morphology must have a c]ense,

high mass envelope in which the molecular material can be shielded ancl survive clissociation

for relatively long times - suggesting a high mass loss rate ancl a high n]ass  progenitor star.

A correlation betweell bipolar lnorphology  and high mass progenitor stars has been found

by others (e.g., Corracli  & Schwarz 1994). It seems clear that the presence of 112 cnnission

in a PN is not ticcl  to directly to tllc morphology, but that the bipolar morphology is

intimately relatecl  to the clellsity  ancl mass of the circutnste]lar  envelope:,  and therefore the

mass of the progenitor star. Why high mass, high mass loss rate asymptotic giant branch

stars shecl material in atl axisy]nmetric,  but not spherical way remains a mystery.

This cliscussion  has been general in nature. Emphasis is placecl  on the morphology

relationships and previously published supporting clata.  We will revisit this argument with

quantitative analysis in the forthcoming presentation of the near-IR spectroscopic survey of

PN ancl proto-PN (IIora et al. 199 S).

5. Summary

\P’e have presm]tcd  I)CW hroacl aIlcI narrolvband Ilmr-illfrarecl itnap;es of several young

planetary Ilebulae  and ~)roto-l)lii[)etaty  ncb(IlacJ. ‘1’hese i[]lagcs have lligll  spatial rcsolutioll
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a[ld arc very sensitive to low levels of elIlissioI). A goal of this Jvork }vas to search for

faint  extended continuutn  or 112 line  mnission. A significant result  is that no previously

unidentified exknclecl  emission was founcl. In addition, extended  emissic)n around J 900 and

M 1-16 is now dearly seen and the mophology  identified. ‘1’he origin of the detailed ancl

complex structures

lol)es that are seen

with other data, it

now seen in J 900 are not easily understoocl.  M 1-16 has two bipolar

in these data only in molecular hyclrogen  emission. When compared

is evicleIlt  that these 10Ix.x are the result of shocks in wind swept gas

surrounding bipolar jets.

New complexity is seen in the bipolar J~rot~planetary  nebulae AFGI, 2688 and AFGI,

618. These clata  have cleanly resolvecl AFG1,  618 into two well-defined lobes  much like

AFGL 268S, with the 112 emission containec]  entirely within the Iobes.  l)epartures  from

biJ]olar  symmetry are seen in both of these objects, as well as in M 1-16 and J 900. Our

results for hTGC 7027 and BD+30”3639  are consistent with earlier results. The enhanced

spatial resolution provicles  a better  ullclerstandillg  of the structure in tllc ~Jhotoclissociat  ion

region of these objects.

We have cliscussed  (using arguments that arc not entirely new) that molecular hyclrogel]

in PN and P1’N can be excited directly by lJ~r photons from the hot central star, in shocks

generated by moderate velocity winds, and by grain streaming. In addition, we make the

argument that 112 is often excited indirectly in the JJresellcc of strong shockwaves generated

hy a relatively large ancl u[lattenuated  flux of IJO photons coining frolll  the shock region.

‘1’his  Iuight  exJ~lain the apparent [JV excited cnlissioll  coining from large distances from

the central star, and without a direct Iine-of-sigllt  view of it. ‘1’his  nleclla[lisln  could I)c

important for objects that i]lclude  M 1- 16, AII’GI, 61S, and hl 2-9. In any case,  it is evident

that the prcseI~cc of IIZ emission in bipolar altd  butterfly  -tyl)e nebulae  must, be because  of

a Iligh lnolecular  nlass  in the circumstellar  enve lope , tlot because of s[)ecial  excitatiorl  iu



ttlesc  type so fncbulac.

‘1’he colnplex ancl often strange shapes found (especially those seen  in nlolecular

]lydrogcn  emission) for young planetary nebu]ac  ar]d proto-p)anetary  nebu]ae  adc] to the

nlenageric  of shapes seen for older planetary nebulae. ‘I’he evolutionary paths of these

shapes are not clear. In many cases, wc are likclysccillg  colllIJlcxlI~  structure that arc

relatively short Iivecl. Such emission can occur as new winds start to blow, ancl dissociating

ultraviolet photons begin to penetrate the extended circumstellar  material through wind

opened holes in an expanding envelope. The study of processes that occur at the onset of

the planetary nebula phase must be clone at all available wavelengths ancl with the highest

possible resolution. When combinecl  with existing and new ground  ancl space acquired data,

including visible, mid-infrarccl,  and lnillillleter/s~lbl~li  lliI~lcter and

the data presented in this paper will add important pieces to the

giant branch evolution.

radio interferometer data,

puzzle of post-asymptotic

The authors are happy to thank Jol)n  IIlack, I)avid  Shupe,  and I)oug Kelly for

important discussions. We also acknowledge intercwtitlg  conversations lvitll Christophf2r

Skinner. We will miss his comments and critisism.  W.1].1,.  }vas  supported during part of

this study by a hTational  Research Council Research Associateship.  We also acknowledge

support from NASA grant 399-20-61 from the I,ong  ~’erm Space Astrophysics Program.



Table 1

Summary of Observations
— .

#  O b j e c t PN G #l l’ypez Filters Fig.

1 1)1)+30°3639  064.7 +05.0 early round lIz, l]r~, COIlt 3

2 NGC 7 0 2 7 084.9 --03.4 lnid.elliptical 112, Cent 4

3 121282+5050  --- bipolar?3’4 112, COIlt 5

4 IC 2149 166.1 +10.4 peculiar 112, Cent 6

5  AFGL61S 166.4 –06.5 bipolar3’4 I12,1]r7,  C e n t  1

6 AFGL 2 6 8 8 bipolar3’4 ]<’, 112, COIlt 2

7 J 900 194.2 +02.5 bipolar3’4 112, l]r~, c e n t  8

8 M1-16 226.7+ 5.6 bipoIar3*4 112, l]r~, c e n t  7
— .

] Strasbourg-ESO Planetary Nebula catalog number (Acker et al. 1992).
2 From Balick (1987) fc)r objects wbicb  appear in botb  data sets.
3 hTot in Ralick  (19S7) .
4 See also I,atter et al. (1993).



Table 2

QUIRC  l’iltcr I’arametcxs

Filter lIalf-Power  Wavelengths (pm)

K’ ~.~1]  + ().~()

IIZ 2.1132 – 2.1367

Br-y 2.1646 – 2.2053

cent inuum 2.230 – 2.290

.
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l’ig. 1 . -  a :  AFGI.  61S ill 2.121 pill  IIz cvtlission. ‘1’llis  ilnage is dolllinated  by continuum

within the f i l ter  bat]dpass. A continuu[]l  subtract ion SIIOWS  clearly the locat ion ancl

morphology of the 112 emission (contours). ‘1’here is some uncertainty in the continuum

subtraction near the bright continuum peak (see text). b: As in a but for 2.16 pm hydrogen

Br~  emission. The s~)atial extent of the I]r~ e]nission  is unresolved in these clata (contours).

In these and all other figures, north is up  and east is to the left, and the units on the grayscale

wmlge are loglo(Jy  pixel–*) for a pixel size of 0’!18 pixel-l.

Fig. 2--- AFGI, 2688 in several near-infrared filters: a: K’; b: Narrowbancl  2.121 pm 112

filter; c: adjacent continuum; d: Continuum subtracted data (contours) on the image in b.

Fig. 3----- a: }11)+30°3639 in the 2.121 pm }12 filter. This image is clominatecl  by continuum

emission in the filter bandpass, but 112 emission can be seen on the eastern side. b: As in

a, but for the continuum fi]ter. c: ‘1’he continuum subtracted data (contours) on the image

in a. Continuum subtraction is most uncertain within the bright ring (see text).

Fig. 4---- a: N(; C 7027 in the 2.121 pm ]12 filter. Continuum emission in the filter bandpass

dominates only within the bright ring. All eInission external to the ring appears to be 112

emission. b: As in a, but for the continuum filter. c: The continuum subtracted data

(contours) on the image in a . As for ]]1)+30°3639,  continuum subtraction is most uncertain

within  the bright ring (see text).

l“ig. 5 - - -  A  2.121 pm 112 ilnage o f  1RAS+212W+,5050. ‘1’he image is  dominated by

continuuln  ill tile  filter bandpass  (g ray  scle). /\ continuum suhtractiot]  shotvs tile  locat ion

of tile  briglltests  IIz bmission  (contours) . ‘1’lle enllansed  peak o f  elnissioll  collitlsident ~vith

t Ile bright collt il]u[lm peak should  be considere(l  telltativc, hut tile  exte[~decl elllissioll  is well

detected.
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Fig. 6---- IC 2149 in the 2.121 ~tm IIz filter. No 112 is detected in these clata.  IC 2149 has

a complex near-i nfrarec]  structure with no well defined  bipolar, elliptical, or other types of

“standard” morphologies.

Fig. 7.–- a: MI-16 in the 2.121 ~tnl II? filter. Continuum emission clominates  only in the

core region. All of the bipolar emission external to the core is 112 emissiorl.  b: As in a, but

for the continuum filter. c: A 2.16 pm hydrogen Br~ image of Ml- 16. ‘1’here is no resolved

d inferences between the Rr-y emission and cent i nu u m.

Fig. 8--- a: J 900 in the 2.121 pm IIz filter. It is similar to Ml-16 (Fig. 7) in that the

continuum emission dominates only in the core  region. The 112 emission in this object shows

a complex hipo]ar  structure with associated extended emission (see text). b: }\s in a, but for

the continuum filter. c: The continuum image zoomed onto the core region. ‘1’here appears

to be a “dent” in the nortll-western lobe at the position tvhere  the extended 112 eltlission

origil~atm. ‘1’he  lo~v level emission extending il] the direction of the north-western 112 lobe is

likely IIz line emission that falls within the filter t)alldpass.
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