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ABSTRACT

Context. The link between the shaping of bipolar planetary nebulakethe mass ejection activity of their central stars is stibpy
understood. Appropriately characterizing the evolutibthe shells ejected during the late stages of stellar elenlgnd the interac-
tion between these shells is fundamental to gain insigbttim mechanism of nebular shaping. This must include thay stfithe
molecular emission, which tracks the mass-loss historinduhe late AGB and post-AGB stages, when the nebula is betigely
shaped.

Aims. HerscheHIFI provides an invaluable tool by opening a new window (trafshe sub-mm and far infrared range is only acces-
sible from space) from which to probe warm molecular ge&0~1000 K). This paper presents a radiative-transfericsgatematic
modeling of the molecular envelope of the young planetabulzeNGC 7027 in several high- and lew 2CO and*3CO transitions
observed by Hersch@llFI and the IRAM 30-m radio-telescope, and discusses tiuetsire and dynamics of the molecular envelope.
Methods. We have developed a code which, used along with the existt®PE software[(Stéen et al[ 2011), implements spatio-
kinematic modeling with accurate non-LTE calculationsinélexcitation and radiative transfer in molecular spedfés have used
this code to build a relatively simple “russian doll” model dccount for the physical and excitation conditions of thaerular
envelope of NGC 7027.

Results. The model nebula consists of four nested, mildly bipoladlsh@us a pair of high-velocity blobs. The innermost shell i
the thinnest and shows a significant jump in physical cooliti(temperature, density, abundance and velocity) wihee to the
adjacent shell. This is a clear indication of a shock frornthie system, which may have played a role in the shaping ofebela.
Each of the high-velocity blobs is divided into two sectiavith considerably dferent physical conditions. The striking presence of
H,O in NGC 7027, a C-rich nebula, is likely due to photo-induckémistry from the hot central star, although formation atev

by shocks cannot be ruled out. The computed molecular mae afebula is 1.3 M, compatible with that derived from previous
works.

Key words. Physical data and processes: molecular data, radiativeféra— interstellar medium: kinematics and dynamics —eglan
tary nebulae: individual: NGC 7027, PN G084.9.4-03.4

1. Introduction less to accurately probe molecular gas with temperatures ov
. . . . ~100 K.
The physical mechanisms behind the shaping of proto-pdayet .
nebulae (PPNe) and young planetary nebulae (PNe) has beéen an Récently, as part of the guaranteed-time key program
; HIFISTARS, a sample of ten PPNe and young PNe were ob-

still is a subject of intense debate (seele.g. Balick & F . _ .
served with HerschghIFI (Bujarrabal et al. 2012). Although

In particular, PPNe and young PNe usually show high-vefoci ; -
outflows, usually in the polar directions, along with slowem- HIFISTARS only includes observations towards the center of

ponents whose velocities are comparable to those of theswiijese nebulae, the kinematics and the excitation conditidn
of AGB envelopes. These fast-bipolar outflows are thougheto e warm molecular gas of the target can be studied with un-
the result of the propagation of shocks in the polar regidiiseo precedented detail thanks to the high spectral resolutidheo
dense AGB shell during the evolution towards PPNe. Howevéfofiles.
many aspects of this process are poorly understood at presen  This work focuses on one of the targets observed within
Tracking the mass ejecta of planetary nebulae (PNe) atig HIFISTARS program, NGC 7027 (PN G084.9-03.4). With
proto-planetary nebulae (PPNe) by means of molecular emdskinematical age of just 600 years (based on its radio flu, se
sion lines can provide crucial clues for better understariftasson 1989) and located at 1 kpc (Zijlstra étal. 2008), this
ing this topic. Hersch@HIFI provides an invaluable tool, ascompact and young PNe is one of the brightest nebulae in the
it probes warm molecular gas-%0-1000 K) by producing sky and the most extensively studied PNe so far. NGC 7027 is
high-resolution spectra in high-excitation transitioagy(*?*CO  a carbon-rich nebula with a very high-excitation spectreng(
J=6-5, 10-9 and 16-15), some of which are unobservable fronit shows ion lines such as ® and Mgv). It hosts one of the
the ground, rendering ground-based telescopes esentigdly hottest central stars known to date, with & 200,000 K (e.g
[Latter et al[ 2000). A small, essentially ellipsoidal, exging

* Based on observations made with the Herschel Space Tetesctinized shell surrounds the central Sﬁmplﬂ@1989lh5w

operated by ESA and the 30-m radiotelescope operated by IRAM outwards, a thin K shell indicates the presence of a photo-
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dissociation region (PDR) and shows signs of recent interdme directly compared with the model results when these take i
tion with collimated outflows (Cox et &l. 2002). The nebulsoal account the shape of the beam of the telescope (see below).
shows molecular emission from CO beyond the PDR, extending In all cases, the spectra are taken towards the centralcstar,
further out to 15-20 arcsec from the central star. In paldicu cated at J2000 R.A. 207M015.59 Dec+42°14'10"2. The neb-
INakashima et al. (2010) carried out interferometric obestioms ula is sometimes larger than the beam of the telescope (12—22
in the COJ=2-1 and %0 lines and found that the CO envelopearcsec for the 30-m, and 12-33 arcsec for HIFI), and there-
could be roughly modeled as an ellipsoidal shell, despiteeso fore by observing just the central position we do not observe
deviations caused by a high-velocity component. The kitemés full emission. This is particularly true for the higheefiuen-
ics of this cold, molecular envelope seems to be closelelinkcies in both telescopes (at 220-230 GHz for IRAM 30-m and
with that of the inner ionized shell and the P991800 GHz for Hersch@IFI), but this éfect has been properly
[Latter et all 2000). taken into account in our modeling (see section 4). For this p
The amount of molecular mass inferred from the CO emipose we have assumed that the telescope beam shape is well
sion is very significant. In fact, despite hosting one of tbedst represented by a symmetrical 2D-Gaussian solely chaizeder
central stars known, the ionized mass only represents 2%eof by its FWHP, what has been taken to be equal to the measured
total measured mass of the nebula, 1.4 Mhile the vast major- HPBW of the two instruments at the corresponding frequencie
ity of the nebula (85%) consists of molecular gas, the remgin (see Table 1).
13% being in the form of neutral atomic g@?@@ml} The spectral resolution of the instruments is also limikeat.
It seems clear that any approach towards understandinpdipe s the IRAM 30-m observations, the data were taken from the (now
ing mechanism of this nebula must take into account the emieecommissioned) 100 kHz filter-bank, after degrading tise—re
sion from molecular gas. lution to 300 kHz by averaging every three channels, resmilti
In this work, we present a detailed study of the molecular emelocity resolutions of 0.8-0.9 kntsfor the 1-0 lines, and of
velope of NGC 7027, combining observational data from bw-0.4 km s* for the 2—1 lines. For the HersclidIFI data, we have
transitions, observed with the IRAM 30-m radio-telescopaw used the Wide Band Spectrometer (WBS) in standard configura-
data from highd, observed as part of the HIFISTARS prograntion, providing a spectral resolution of about 1.1 MHz, ktlg
We have developed a codshapemol, which, used along with varying across the observed band. The data have been oversam
SHAPE (Steffen et all 2011), implements spatio-kinematic modpled in a homogeneous 0.5 MHz spectral channels, that we have
eling with accurate calculations of non-LTE line excitatscand degraded down to resolutions equivalent to 0.4 to 1.6 ki s
radiative transfer in molecular species. The high qualftthe depending of the strength of the detected line and the redjuir
HIFI data, together wittshapemol, have allowed us to study, S/N ratio.
for the first time in such level of detail, the kinematics amd e
citation conditions of the warm, molecular (CO-rich) gasaof )
PN. 3. Modeling

A preliminar version of this work was reported

INThe main goal of our modeling is to determine the physicat con

Santander-Garcia etial. (2011). ditions (densities, temperatures and abundances) ane teza)
kinematic structure of the nebula. Note that an accurateriohét
2. Observations nation of the 3-D structure from our data is prevented byadlk |

) o ) . of spatial resolution. In fact, the only information abduw spa-
The observations used in this paper (seelRig. 1) for the nmageltia) structure is concealed in the frequency-dependemhlsize,
of the molecular envelope of NGC 7027 have been already pighich weighs the emission from the central region and that-co

sented by Bujarrabal etlal. (2002fCO and**CO J=1-0 and ing from the outer region in a fierent fashion for each transi-
2-1 data, and Bujarrabal etlal. (2012), rest of the data consigbn, and which is, for the highestiransitions, smaller than the

ing of the highd transitions. Here we will briefly summarizemglecular CO shell at lowes-described by previous works (see
the main observational characteristics of the data (sel2T3b peam size column in Tablg 1). Hence, the general geometry of
as they have been described in full detail in these papers. €& nebula has been deduced both from the analysis of peeviou
J=1-0 and 2-1 spectra were obtained in 1999 and 2000 ugyorks and a series of reasonable deductions from the Hersche
ing the IRAM 30-m at Pico de Veleta (Spain). This is a vergnd IRAM data-set (see sectibn}4.1). In any case, the fatigwi
well characterized ground-based instrument, in which taéim model should be considered as a first, simplified approach to a
source of uncertainty in the absolute calibration of theadaiych more complex reality.

comes from the correction for the opacity of the atmosphere. The modeling process is similar to standard spatio-kinemat
Although this éfect is measured every 20 to 30 min, in standatilodeling (e.gl_Santander-Garcia éfal. 2004), exceptittfiat
conditions we cannot guarantee accuracies better tharb20—Zorporates full radiative-transfer solving foiffdirent transitions,
when comparing data from Pico de Veleta with those from othgfeating synthetic profiles to be matched against the oaserv
telescopes, as this is the best accuracy our group has foundigns. We have achieved this by using a special version 83.51
long-term observations of the same standard sources adigeciof the SHAPH] software by Stéfen et al. [(2011), specifically
for observations dating a decade or more. Spectra at higier tystomized for usage alongside our 0@L/IDL-based code,
quencies are taken from the HersghiéFl HIFISTARS GTKP  shapemolf.

(P.I. V. Bujarrabal). In this case, the main source or urgety in SHAPE is a software tool for building spatio-kinematic mod-
the absolute calibration of the data of this space-basesdepe e|s of nebulae. It allows to easily implement a 3-D structure
comes from the fact that the gain ratio between the two siugdha gnd 3-D velocity field to describe the model nebula, and gen-

of the receivers is not well known. For the HIFISTARS data W@rate Synthetic imagesi position_ve'ocity diagrams/amchan_

have adopted uncertainty values from 15% to 30% dependingg maps for direct comparison with observations. Its w@itya
the receiver band, following the description of the HIFItims

ment characteristics and performances given by Roelfséala e ! SHAPE is available on hitgbufadora.astrosen.unam fskapg
(2012). In all cases we have used Thg intensity scale, thatcan 2 If interested in usinghapemol, contact the first author.
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Table 1.0Observing log and profile features.

Species Transition Frequency | Resolution | Tpp, peak’ r.m.s. Integ. flux* HPBW
‘ ‘ (GHz) ‘ (kms™) (K) ‘ (K) (Kkms™) )
IRAM 30-m observatiorfs
2co J=1-0 115.271 0.8 11.9 7.7x1072 332 22
2co J=2-1 230.538 0.4 30.9 9.9x1072 667 12
13co J=1-0 110.201 0.9 0.3 9.4x1073 7.9 22
8co J=2-1 220.399 0.4 1.3 3.0x10°2 31 12
HerschgHIFI observation$
2co J=6-5 691.473 0.4 51 1.3x10°7 137 31
2co J=10-9 1151.985 0.4 55 5.5x1072 146 20
2co J=16-15 1841.346 0.5 2.5 9.3x102 52 12
13co =6-5 661.067 0.5 0.3 8.6x10°3 8.3 31
13co J=10-9 1101.350 0.5 0.2 2.5x1072 5.7 20
(o] J=6-5 658.506 0.9 0.03 6.1x10°3 0.7 33
OH 2y, I=3/27-1/2¢ 1834.75 1.6 0.16 4.8x1072 6.3 12
p-H,O Jkake=111 - Oop 1113.343 0.9 0.1 1.9x10°?2 2.1 20
0-H0 | Jiake=l10 - lo1 556.936 0.5 0.1 5.5x10° 2.1 39

Notes:

“Maximum intensity of the profile in main beam temperatiisg(K), defined as the peak intensity minus the r.m.s. in thetspec
*Integrated flux of the profile.

a Observations published in Bujarrabal et @l. (2001)

b Observations published[in Bujarrabal et al. (2012)

has made it the standard tool in the field, where it has pravengach one depends on those of the others, and in all the points
be valuable for producing accurate spatio-kinematic digions  of the cloud. So, the solution of the system becomes extsemel
of many planetary nebulae (elg. &: et all 2011, Jones et al.complex in the general case.
2010, Velazquez et Al. 2011). The problem is greatly simplified when there is a Large

Although SHAPE implements radiative-transfer solving forVelocity Gradient (LVG) in the cloud, introducing importan
atomic species, in which the absorption and emissiorflicoeDoppler shifts between points that areffatiently far away.
cients are easily predictable over a large range of temyr@st When this shift is larger than the local velocity dispersigiie
densities and abundances, it is unable, on its own, to waditk wpoints cannot radiatively interact at large scales, soddetive
molecular species, either in the thermalized or non-thézeth transfer is basically a local phenomenon. The excitatiameq
cases. The main reason behind this is the strong dependendgons can be then solved, ardand j, calculated in each point,
the absorption and emission dheients of each grid cell, not independently of the rest of the cloud. In any case, the |svp!
only on the local abundance, temperature and density, bat alilations depend in a complex way on the (local) physical con-
on the size of the emitting structure and the velocity of thd g ditions, and the solution requires an iterative processe#y v
cell along the line of sight. understandable version of the general formalism can beigeen

We designe@hapemol to fill this gap. In the following sub- [Castdr(19700). The LVG approximation includes the mainéagr
section, we describe this software and its role in the madelidients of the problem (collisional and radiative ratesppiag
process. when opacities are high, population transfer betwediemint
levels, etc.) and gives fast, sensible solutions. Thesiation
calculations are quite accurate, even when the LVG conmditio
are barely satisfied, at least for the case of molecular fies
shapemol is a GDL/IDL-based code built to be used as a conghells around evolved stars (e.g. Bujarrabal et al. in pegjom;
plement for SHAPE, allowing for radiative transfer solving inTeyssier et al. 2006; Ramstedt etlal. 2008). The approximati
molecular transitions. In particular, it performs non-Ld&lcula- itself is not necessary to derive the resulting line profiessich
tions of line excitations (based on the well-known LVG appro ¢an be calculated solving the standard transfer equatimy us
imation, see below) to compute the absorptiaf) &nd emission the level populations derived from the LVG approximatiod an
(j,) codficients of each individual cell in the grid, for the desiredPcal velocity dispersion, as indeed we have done USHIFE.
transition and species. According to the LVG approximatior, andj, depend in a

In spectral lines, the values of andj, are given by the pop- heavily non-linear way on the densityand the temperaturg,
ulations of the involved energy levels and the line profilepgh  and almost linearly on the produgtX, wherer is the distance
In our case (low-frequency transitions requiring reldgiew of a given point (or code cell) to the central stdrits velocity
excitation), the profile shape is given by the local velodity- andX the abundance of the desired species. Besides these three
persion due to thermal dispersion or turbulence. The lespt p parameters, the LVG results depend on the logarithmic itgloc
ulations depend on the collisional transition rates anddlé- gradiente = dVv/dr r/V, but only slightly. We will assume = 1,
tive excitation and de-excitation rates, which in turn depen i.e. a linear dependencedfonr. In this case, the escape proba-
the amount of radiation reaching the nebula point we are cdrility of a photon is given by a simple analytical functiontbe
sidering at the frequency of the line (averaged over angie a@pacity and its calculation is considerably simplified. ISwe-
frequency within the local line profile). The calculationsafch locity fields are found in many young planetary nebulae, Whic
averaged radiation intensity requires a previous knowdeafy are basically expanding at high velocity following a "Huebl
the absorption and emission ¢heients in the whole cloud, in velocity law.
order to solve the radiative transfer equation in all dicett and The approach okhapemol consists of relying on a set
frequencies. Of course, the populations of a high numbenof | of pre-generated tables @f and j, as functions ofn and T,
els must be calculated simultaneously, since the populatio each table corresponding to a value of th& product. The

3.1. shapemol
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values ofk, and j, in each table are individually computed plane of the sky. A final profile is then shown, in units of
for each pair ofn and T by iteratively solving a set of equa- W s* Hz"* m™2 str, which once converted t®;, allow
tions via the convergence algorithm typical of LVG codes. In for direct comparison with observations.

this calculations 20-25 rotational levels were taken inte a

count, allowing accurate calculations for temperature . .
least 1000 K,gand we used collisional ratespfrom thmidéanl'z' Numerical errors using SHAPE+shapemol

Atomic and Molecular Database (LAMDA; se¢e Schoier et alye testedSHAPE+shapemol by testing its results against ana-
2005 http//www.strw.leidenuniv.nfoldatg). For a set of phys- |ytic theoretical predictions in a spherical nebula undsresal

ical Conditionsshapemol selects the table with the closest Valu%ircumstances of abundances’ thicknesseS, turbu|ermjtye

of X. Once a table has been selectshapemol computess, djstributions and beam sizes. In particular, we modeledaa st
and j, by linear interpolation between the values for the tWlonary nebula with an abundance range large enough to rake i
adjacent tabulated values nfandT. The steps im andT are gptically thin or thick; a nebula expanding at a constanoeel
small enough to guarantee that*adrder interpolation is a good jty and another one following a Hubble-like expansion patte
approximation between two consecutive values. Finallyewi for which analytical predictions can be made with the help of
the roughly linear dependence ofand j, on the product;X, the LVG approximation. Also, we explored the flux measured
the software scales the computed absorption and emission §@.center with a small beam size in all the previous scenarios
efficients according to the ratio of the desired valuejof to  and compared it with the theoretical predictions. All thepr
that of the selected table, to avoid Signiﬁcant errOI’S,LdatiDnS ous tests were performed forfidirent values of the abundance,
were performed for a large number of values of this parametgg|ocities and micro-turbulence values, always fulfillihg re-

As mentioned, the absorption and emissionfioents calcu- |ationV > 6y, as the LVG approximation demands.

lated in this way for each cell of the model nebula are used to | | cases, the error of the model with respect to the pre-
solve the standard radiative transfer equation and ca&ite@ gicted intensity was:10%. This error includes numerical errors
line profile leaving the nebula in a given direction; at thesdl, qye to the grid size, limited by the RAM memory of the system,
we must assume values of the local velocity dispersion i eags \el| as the rounding errors of computational algorithms.
point. A more detailed discussion of the errors and the performed

The current version ofhapemol is available from the first tasts will be given in Santander-Garcia et al. (in prepanit
author. At its present state, it is able to compute Jgel-0,

2-1, 6-5, 10-9 and 16-15 transitions of thé?CO and**CO

species. The values afandT in the available pre-generated tay  Resylts

bles range from 10 to 1000 K in steps of 5 K for the temperature,

and from 16 cm3 to 10/ cm3 in multiplicative factors of¢10 N this section we discuss the general structure and dyrsavéc
for the density. A more refined version, which will include rao @ssumed as premises to our modeling (sefidn 4.1), andloescr

species and transitions, is under progress and will be prege in detail the morphology, kinematics and excitation colods of
by Santander-Garcia et al. (in preparation). the resulting best-fit model for the emission'#CO and*CO

(sectiori4.R), as well as its uncertainties (sedfioh 4 iBlfy, we

. . provide a qualitative analysis of the emission in other rooles
3.1.1. Modeling process using shapemol (sectioriZ}).

The modeling process usiSHAPE andshapemol is as follows:

. _ 4.1. Adopted general structure and dynamics
1. We model a nebula with several distinct outflows or struc- predg N

tures using the standard toolsSHAPE. The nebula is then The general structure and dynamics of the model nebula have
diced in a large number of cells{ens of thousands) using abeen deduced from previous imaging (€.g._Nakashimd et al.
3-D grid. Each cell in this 3-D grid is characterized by a ider010, Cox et &l. 2002) and several general properties ofatar d
tification code (unique per each structure), a position,-a \Wakashima et all (2010) find that the molecular gas is located
locity, a density and a temperature. These values are dumpdabllow axisymmetric shell in expansion, reaching out tb08-
into an ascii text file, one line per grid cell. arcsec from the central star in the equatorial directioris T$

2. shapemol reads the text file and let us select the desiregightly more extended than the;Hhell imaged by Cox et Al.
molecular species and transition, the molecular abundainc ), which reaches out te5 arcsec in the same direction.
each dfferent structure and a value for the micro-turbulenc&he molecular shell is also known to show a low-brightneks re
Sv. The software then computes the absorption and emissitively extended hald (Fong et Al. 2006), reaching out t@20-
codficients using the LVG approximation and adds them tarcsec from the central star in the equatorial direction.
the text file along with the frequency of the selected transi- Fig.[ shows the observational profiles of €0 J=1-0,
tion and the micro-turbulence value. 2-1, 6-5,10-9, 16-15, and'3CO J=1-0, 2-1, 6-5 and 16-9

3. SHAPE reads the text file generated bjtapemol and per- emission (black histogram), along with the synthetic pesfibf
forms full radiative transfer solving for the whole 3-D grid the best-fit model (red line, see sectionl4.2). There are & num
creating a data-cube consisting of a stack of images of ther of features we can deduce from these observationalgsofil
nebula, one per frequency resolution element (i.e. sdectia set the basis for our model. In particular, the blueward in
channel). The radiative transfer solving used in this steptensity fall of the!?CO J=6-5 transition is indicative of strong
exact and implements no approximations. This data-cubelf-absorption caused by high-opacity and stratificaticiem-
is then convolved, channel by channel, with the telescoperature, which would decrease outwards; also, the peake of
beam, which is simulated by a Gaussian with a FWHM equeiission at low and higld occur at dfferent velocities, with
to the telescope beam HPBW. The profiles from the ceabsolute radial velocity (with respect to the systemic oigy)
tral four pixels are added, and the intenditin each chan- increasing with], which in turn indicates simultaneous stratifi-
nel is divided by the projected area of the four cells on theation in velocity and temperature.
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We have associated the highest-velocity, low-intensity fea different set of parameters. In all cases, the model converged
tures visible in our data on both sides of the center of each pto similar values of every parameter.
file with a pair of unresolved features visible at those vities A schematic representation of the best-fit model can be seen
in the >CO J=2-1 maps by Nakashima etlal. (2010). They aria Fig.[d, while the associated parameters are shown ing@ble
confined in two small regions along the projection of the h@bu and3. Note that due to the vasfférence in transition frequen-
main axis on the plane of the sky, atsets of~4 arcsec. They cies and origin of the data (ground and space-based), wetann
appear to lie inside the main envelope of the nebula, closiiet rule out the presence of relative calibration errors. Tieees we
central star. We have interpreted these as a pair of higteitgl have included a intensity factor per transition, i.e. theidato
blobs ejected by the central star in the polar direction. be applied to the intensity of the modeled profile. This facto

Some features and parameters of the model can be dedu@lé@ accounts for computational errors, and is to be coreide
exclusively from the conclusions of previous works. Giveatt as the conservative error of the intensity of our model. In al
the profiles from Hersch#llFI and the IRAM 30-m radio- Cases, the intensity of the model profiles were within a 25% of
telescope contain little information on the morphology loé t the observed profiles (see the applied intensity factorsgirill.
molecular envelope, we have assumed a basic geometry and iis noteworthy to point out that the predicted peak intgnsf
similar to those found by Cox etlal. (2002) and Nakashimalet &te model at thé*CO J=16-15 transition, 30 mK, is compatible
(2010) for H, and CO respectively, consisting of a bipolar 8with the non-detection of such line, which peaks a+30 mK,
shaped shell with a wide waist. We have assumed the inainatit & resolution in velocity of 4 kns. o .
to the line of sight and position angle of the main axis of our In the following we give a detailed description of thefdi-
model to be the same as those found by Nakashima &t al] (20 €0), features of the model, i.e the main body of the nebulafsed t
i.e.i=60° and P.A=155. Summarizing, we have extended thdligh-velocity polar blobs. These results are essentialiygat-
structure described by Cox ef al. (2002) taking into accéuet ible with, but more detailed than the preliminary ones pded

findings of Nakashima et al. (2010). in|Santander-Garcia etlal. 2011, whose analysis did nafidtec!
13 "
The comparison between the position-velocity plots in H CO transitions. .
(Fig. 4 in I@I.Z) and if2CO J=2-1 (Fig. 5 in In all cases, we found the best-fitting values of the
Nakashim . 201L0), confirms the stratification of thegtem -CO/-*CO abundance ratio and micro-turbulerdgeto be 50,

ature and velocity. The velocity width of the;lénvelope, which and 2 km s?, respec’gively. The best-fit for the systemic velocity
lies closer to the star than the CO envelope;i§ km stlarger WasVisr=26.3kms".

than that of'2CO J=2-1, making it reasonable to assume that

the innermost shell of the CO envelope is also the hottest, an2 1. Main body of the nebula

that the shells get cooler and mordfdse with increasing dis- . ) ) .
tance to the star. The main body of the nebula consists of four nested, widetwais

In our modeling, we have adopted a distance of 1 kpc follovi-Shaped shells, arranged in a fashion similar to a Matiash
ing the results obtained by Zijlstra (2008) from the compami ©F Russian Doll, with each shell in contact with the adjacent
of the velocity field and apparent expansion at radio waghes ©Nes- Their shape is roughly similar but more extended than
during a 25-year monitoring period (98000 pc). the model byl EEZ et al 2) for the,Hemission. Each of

X . . . the shells is characterized by a relatively simple set oaar
We consider the aforementioned general considerations aer@rs, equatorial and polar maximum radi andr., a thick-
parameters as fixed in our modeling. Additionally, for the-de ne SAr qsingle values gf the abundanxeCO), tem'[))’eraturé'
B'ty’ tem eraza)mi(rj] %%Li’rng?ncf’s \;vse ;:Z?t?n theo;/natlsuiosr ft?]léﬂé densityn for the whole shell; and two characteristic ve-
myodel iteration rocess. Note gHowever that (g)uF; modelsfocFE)Cities’Vr andV;. The total expansion velocity is the combi-

; P : ! " . Hation of these velocities, whekg is constant, outwards from
on studying the general physical properties and will n@essy, ..o star in the radial direction, akg is constant, di-
ily be simple compared with the complex level of details (e. ! '

holes, clumping, inhomogeneities, etc.) shown by the datagected along the polar axis, also outwards from the equator.

Nakas| I7(20110) and C L 4L (2002). The model Wm all cases,V, is only triggered for distances to the equa-

therefore focus on reproducing the main features of therghse r larger than 1.510°° cm. A similar behavior of the veloc-
P 9 ity is observed in other young PNe or PPNe such as M 1-92

tional data, but will not provide an accurate fit of the inhomodB : I [-1998), M 2-55 (Castro-Carrizo et al. 200

geneities and other local details. CRL 618 [Sanchez Contreras el al. 2004).
Each shell is tagged by an index according to their location:
4.2. Best-fit model I, M1, M2, O, after inner, middle 1, middle 2 and outer, respec

tively. The inner shell | is located just outside the PDRrsund-
The model was fit to the data following an iterative trial-andng the H, emission shell model Hy Cox etldl. (2002), and is the
error procedure. Starting from a set of initial assumptioased main contributor to the features seen in the highkespectrum,
on previous works (see previous subsection), we modified eaghile the outermost shell O is the coldest, extending to a-max
parameter over a large range and solved the radiative gransfum distance of 2.2610' ¢cm, which projects to 15 arcsec
equation to obtain a synthetic profile for each of the t#@0O on the plane of the sky. This is slightly larger than the struc
and'3CO observational transitions. Each of these synthetic priowe visible inJ=2-1 in the maps by Nakashima ef al. (2010),
files were overlaid on the corresponding observational legfi but similar in size to the envelope revealed by fizd -0 maps
and the global quality of the fit assessed by eye as a compbgiFong et al.[(2006). This discrepancy can be explained &y th
mise between the shape of the profile and the intensity at edatge extent and smoothness of the envelope, which woulémak
frequency. When a fair fit was found for all the transitiong wthis outermost shell prone to flux-loss (as it would be phHytia
varied the parameters of the model over a smaller range whigsolved out) in interferometric observations, speciatlfligher
still provided a fair fit, in order to find the uncertainty ofaka frequencies, as Nakashima et al. (2010) expects fod#e-1
parameter. This process was repeated several times gtiaim emission.
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smooth gradients which would be expected in post-AGB ejecta
(see e.g. Justtanont eflal. 1994, Goldreich & Scoville 198%)

cept for the steep jump between the thin, | shell and the #nick
M1 shell. The abundance increases by a factor 1.25 across the
| to M1 shell discontinuity, while the density and temperatu
drop by factors 3.75 and 4 respectively. The velocMeandV,

both drop by 25%, a change much more abrupt than the slight,
steady increase in velocity from M1 to the outer layers M2 and
0.

We take these jumps as clear indications of a shock front
traveling outwards through the nebula, in a similar way a&s th
low-velocity shock front found for instance in CRL 618 (e.g.
Bujarrabal et dll 2010), in which a double shell is expanding
against the nebular halo. The post-shock gas would ther natu
rally be denser, hotter, faster, and less rich in molecudssa
small fraction of those would have been dissociated by tlysph
ical conditions at the outer boundary of the PDR and the pass-
ing shock front. The presence of this shock implies an irszda
chance of molecular reactions, which could partly explaia t
presence of KO (see section 4.4). Also, the shock would have
strong implications in the shaping of the neb
2002).

While this relatively simple model does not in-
clude a detailed description of the geometry or inhomo-
geneitiegpeculiarities of the shells (Nakashima et al. 2010), it is
useful to estimate the amount of matter that emits undeaicert
physical conditions. Taking into account the volume andsitgn
of each shell, we can derive the molecular mass distribution
Adding up every shell, the total molecular mass we estimate f
the main molecular envelope of NGC 7027 is 1.15,Mhich

a%rees well with previous estimates of 1.2 My [Fong et al.
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i The kinematic age of the inner, presumably shocked shell is
— ~1700-2000 years (computed at the equator and poles respec-
'_J[' . _1_ i tively). The rest of the envelope ranges fretd800-3000 years
] i for the M1 shell to~4300-4700 years for the O one. This time-
I_'_I ! difference is not model-dependent, as it arises directly fram th
observations, and is also visible in the data from previooske/
(e.g!Nakashima et al. 2010; Fong et al. 2006). This suggests
L E‘ N the expansion pattern of the molecular envelope is not cémpa
5 10 15 50 ible with a single-event, pure ballistic expansion or Hhlike
flow, and was instead ejected during a time-interval largant
r (106 cm) 1000 years. It is interesting to note that, in this case, tlaes
of nx r? (density corrected for the dilution into the medium) de-
Fig. 3. The diferent parameters of the model of the molecul&@reases with the kinetic age of the outflow, while the expansi
envelope of NGC 7027 against the distance to the centrafstar velocity increases. This is expected if along the AGB evotut
the equatorial (thick green line) and polar (dotted-dadiled the stars approaches increases in its mass loss. Anoth&r pos
line) directions, and the polar blobs (dotted red line). €her bility, though, would be that the nebula has beéieced by a
bars have been drawn at the center of each shell for the bimbs geries of front shocks, resulting infiirent apparent kinematic
polar direction only (the errors in the equatorial direotéye the ages.
same as in the polar directioMote: The velocity (and its error
bars) of the polar blobs has been divided by 5 for dlsplay|r}g2 2. High-velocity polar blobs
purposes.

v, (km s7)
o
T ‘ T T ‘ T T ‘ T

o o

@]

Unfortunately, data from previous works lack enough spegiz

olution to resolve the geometry of the polar blobs. Themfor

we chose to model them in a simple way as two small cylin-

Fig.[3 shows the behavior of theffirent parameters alongders being ejected from the central star along the nebular ma

the equatorial and polar directions, while the right sidd-igf.  axis. The reason for choosing cylinders and not other gedmet
[2 displays a vector plot of the velocity field. Aside from theal shapes (e.g. spheres) is for mere convenience: eacleyli
highly direction-dependent velocities, and given thatghells is easily split in two sections with fierent physical conditions.
are characterized by single values of the parameters, theevbe Each section is characterized by a height, a radius, a distan
ior of X, T, andn are similar in every direction, as they experifrom the equatorial plane to its center, and single valués, of
ment the same jumps, only atidirent distances from the centralaindn. The velocity of each section is constant and its direction
star. The diferent parameters are essentially compatible with tieaxial (i.e. parallel to the main axis of the nebula). Thethe
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Table 2. Best-fit model parameters for the main molecular envelop¢@€ 7027. The sizes correspond to a distance to the nebula
of 1 kpc. The uncertainty range is included for every paramexcept the sizes of the shells, which depend on the camelmg
uncertainties on the shell thicknesses.

Shell rgolar rzquatorial Ar* Vi Vi X*?CO) n T
(10%cm) | (10%cm) | (10cm) | (kms™) | (kms™) (cm™3) (K)
I: Inner shell 13.5 75 0.75015 | 13.003 | 7.594 | 8903105 | 1.50%x10° | 4004
0.15 0.3 05 0.4 0.1 20
M1: Middle 1 shell | 15.75 9.75 | 22592 | 9.750% | 5603 | 1:04x10* | 4.0:28x10° | 1002
M2: Middle 2 shell 18.0 12.0 2.25085 10.008 6.004 4045104 2.502510* 608
0.35 0.5 0.4 0.4 0.25 6
O: Outer shell 22.5 16.5 45:82 11.0f8:ﬁ 7.0i8:i 6.7f8:2><1(f4 5.0f8:2><1()3 253

Notes: The X(*3CO) abundances are 50 times lower than thglfCO) counterparts.

Distance from the star which traces the shell’'s outer edgi, &t the pole and equator.

* Thickness of the shell.

# Expansion velocity radially outwards from the central star

* Additional velocity component along main axis. Activated flistances to the equator greater tharx1®6 cm.

fit parameters of the modeling are shown in Tdble 3 and[FigCbntrary to standard spatio-kinematical modeling, whée t
(dotted red line). effect of changing a parameter is easily followed (e.g. a ve-
The aft section, located closer to the central star, is thilecity near the lower limit of the uncertainty range corre-
ner, hotter and denser than the fore one, which centersigonds to an age-distance parameter close to the upper limit
7.65¢10'® cm ofset from the star, so that its projection unto theee -Garciaetal. 2004 as an example), ffete
plane of the sky coincides with the small, high-velocityioeg ©Of almost any parameter change in a radiative-transfeicspat
visible in the’?CO J=2-1 maps by Nakashima etldl. (2010) akinematical model are non-trivial to predict.
offsets of~4 arcsec. However, it is noteworthy to remark that, Tabled? an@]3 show conservative estimations of the uncer-
specially in this case, we do not have enough observati@ial dtainty range of every model parameter. The range for each pa-
to further constrain the blobs geometry, since there is dic&? rameter has been obtained by fixing every other parameter of
tion whatsoever of the spatial origin of the high-velocitgis- the model and allowing the given parameter to change umt it
sion at highed. Therefore, the location of the hotter and denséwnger provided a fair fit to the data (i.e. until the intep$itctors
cylinder section in the aft (and not in the fore as a bow-shick to be applied to the model profiles no longer lied within thé@5
purely arbitrary, and have no further consequences in thé- maf the observed intensities, except in the case of the wedsci
eling. Given its slightly larger velocity, and its incredsden- where the fairness of the fit was assessed by eye). Most of the
sity and temperature, it would be tempting to relate thesggi uncertainty ranges of the model lie within a 10% of the best-fi
to the action of shocks, as a result of a front shock travgllirvalues, except the temperature and density of the M1 shwh, b
through the nebula and catching up on the blobs, or a bowkshax which reach a 20%; its abundance, which reaches a 40%; and
in the fore section as the blobs expand against the PDR ahd temperature, abundance and temperature of the blabs, so
molecular envelope. Unfortunately, the data at hand ptean  of which reach an uncertainty e40% of its best-fit value.

ther interpretation. We can only conclude on the existefiég 0 Tnese uncertainty ranges, however, should be considered as
least two components withi@ierent physical conditions. Furthery simplistic approach to the real errors. In fact, if mutipla-
observations should provide independent insight on thpeIro rameters were allowed to change, the uncertainty rangekiwou
ties of these blobs. be somewhat larger: for example, an increase in temperedunre
From our model we estimate a total mass of the blobs bé partially acommodated by a decrease in density, and-vicev
0.1 Mo, under the aforementioned uncertainties. Therefore thesa. Since, given the parameter interdependence, it warild
total mass of the nebula, taking into account all the compte impossible to compute the uncertainty ranges with as many de
agrees well with previous determinations. grees of freedom as parameters in the model, we hereby pro-
Finally, at the adopted distance, the kinematical age of thigle the following representative example. The tempeeatdr
blobs is in the range 360-630 yrs. Given that this value rantfee inner shell can be increased to 520 K if the density drops t
is not model-dependent, this implies that the blobs are mut3x10° cm3, or the temperature decreased to 360 K and the
younger than the rest of the molecular envelope, includieg tdensity increased to 1x80° cm3, and still provide a fair-fit to
shocked, inner shell, whose kinematical age is a factora@ggel. the data. This represents an increase in uncertainty faethe
This suggests that the blobs were ejected approximately dperature from 10% to 30%, and from 10% to 13% for the density.
ing the same epoch as (or immediately after than) the inner H
i nebula, which strongly emits at radio wavelengths (600 yrs,
sed Massoh 19B9). An alternative explanation, howeverjavod4- Other molecules
be that the blobs are in fact older, but have been progré;ssivzlah
accelerated by ram pressure by the faster-expanding inner Iﬂ)
nebula.

e electronic level population is significantly more coiogated

r molecules more complex than CO, making the computation
of their absorption and emission dbeients a daunting task.
Hence, a detailed analysis including radiative-transédvisg

of other molecular species such aglHin NGC 7027 has been
kept out of the focus of this study. However, itis interegtio do
Given the high-degree of interaction between tHeedent model a qualitative analysis of the data in order to lay the fouioahat
parameters, it is dlicult to assess their range of uncertaintyof future work.

4.3. Uncertainty of the model parameters
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Table 3. Best-fit model parameters for the high-velocity polar blobsIGC 7027. The sizes correspond to a distance to the nebula
of 1 kpc. The uncertainty range is included for every par@amexcept the distance of the structure to the central staghnis
assumed priori based on existing maps.

Blob section d; ré h v X(**CO) n T
(10 cm) | (10 cm) | (10 cm) | (kms™) (cm™3) (K)

Inner 4.5 3.002 | 1.65%% | 400! | 191x10* | 1.50Lx10° | 3502

Outer 7.65 3.0%93 4503 38.07 | 2.3%9x10* | 1792x10° | 502

Notes: The X(*3CO) abundances are 50 times lower than tX¢l?CO) counterparts.
Distance from the star to the center of mass of the given dwtial section.

* Radius of the cylinder.

# Height of the cylindrical section.

* Velocity of the cylindrical section along the main axis oéthebula.

H,O: The presence of thed® 1;0-191 and 4 1—0pp tran- ter. In light of the present data, any further attempt atrprieting
sitions in the spectrum of NGC 7027 is striking, given thahis profile is unclear.
NGC 7027 is a C-rich PNe. In fact, to our knowledge, aside
from this case, bO has been detected in only two C-rich PNe,

CRL 618 [Bujarrabal et 4l. 2012) and CRL 2688 (Wessonlet &. Conclusions
2010).

_ ) i The main results of this work are summarized in what follows:
The H,0 profiles (see Fig. 5 in Bujarrabal etlal. 2012) some-

what resemble the hlgh—equtatlon profiles'86€0O (espec[ally _1. We have developed a software cosleapemol, which, used

that of J=16-15). The relative weakness of these profiles, in along with SHAPE (Steffen et all 2011), implements spatio-

comparison with those of CO at similar frequencies (i.e.isim  inematical modeling with accurate calculations of norELT
lar beam size), reveals that the nebula is optically thihese line excitations and radiative transfer in molecular spsci

transitions. The comparison of the® and CO profiles, in view A more detailed description afhapemol will be given by
of our model of the molecular envelope, seems to suggest that g5ntander-Garcia et al. in a forthcoming paper.

most of the water lies within the inner, faster shell, or evleser 5 - pased on observations of a series of low and high-exaitati
to the PDR, since the velocity separation between two pebks 0 1200 andi3CO transitions by Hersch@lIFI and the IRAM
the 0O 1y0-1os and 1.,-Opo profiles are~30.8 and~31.9 30-m radiotelescope, we have usgithpemol andSHAPE to
km s™‘respectively. These values are slightly larger than th& pea p,iiq a model of the molecular envelope of the young PNe
separation in every CO profile, including the highastine ob- NGC 7027. The geometry of the model is based in existing
served, 1615, which is~29.7 km s™. maps and data from CO ang Ksee section 4.1). This model

It is known that water is already abundant in the circumstel- consists of four nested mildly-bipolar shells and a pair of
lar envelopes around AGB stafs (Neufeld et al. 2011). Howeve high-velocity polar blobs (see Figl 2). Each shell is chara-
the fact that water seems to be particularly abundant inrthe i terised by single values of the abundance, temperature, den
ner shells of NGC 7027 suggests an ongoing process of wa- Sity and velocity. Since the profiles contain little infortioa
ter production in this source, either due to the passage of a on the spatial structure of NGC 7027, the geometry of our
shock front or photo-induced chemistry. We consider photo- model should be considered as a rough approximation.
induction by the UV radiation from the central star to be théd. The temperature of the shells ranges from 400 K for the
more likely cause, since while the shock is relatively wesde( ~ innermost and 25 K for the outermost ones. The density
section 4.2.1), most of the water would lie close to the ex- also drops down from 1:610° cm™ in the innermost shell

tremely hot (£ ~200,000 K)_ star. This explanation is com-

patible with the findings of Bujarrabal et/al. (2012) in CRL861

and CRL 2688. CRL 618 shows a narrower water profile than

those of CO, indicative of it being concentrated closer &oftht

to 5x10° cm2 in the outermost one, while th¥CO rel-
ative abundance increases from1®>° to 6.710*. The
12co/t3cO abundance ratio is 50, while the microturbu-
lence oy, is 2 km sL.

(Texr ~30,000 K) star, while there is no significant increase off. The expansion pattern of the shells is not compatible with
the abundance in the shocked region. On the contrary, CR& 268 a Hubble-like flow. Instead, the 3-D velocity field of each

shows a shocked region but no water, while the central staois
cool (Teg ~7,000 K) to emit a significant amount of UV radia-
tion.

C!80: The emission in &0 is weak and optically thin (see

Fig. 4 inlBujarrabal et al. 2012). In view of our model, it appe

to come primarily from the regions close to the equatoriahpl
This could indicate that this ring is denser than the reshef t

general structure.

OH: The OH profile is very weak (see Fig. 5 in
Bujarrabal et al. 2012). Although OH is usually associatéti w

the region where bD is dissociated (e.0. Goldreich & Scopille
[1976), the shape of the profile is veryidient than those of wa-

shell is a combination of a constant, purely radial motion
plus an additional constant component along the main axis
of the nebula. The latter is only activated for distancesiéo t
equator larger than 180 cm (at the adopted distance of

1 kpc to the nebula). The velocity of each consecutive outer
shell is slightly larger than the preceding inner one, wlid t
following exception:

h : ; 5. The innermost shell is thinner than the rest, and is charac
bipolar shell, or show matter condensations, in a very clump

terized by anomalous physical conditions: its expansien ve
locity is 33% higher than that in the adjacent intermediate
shell. The abundance also increases a factor 1.25 across the
inner-to-intermediate shell discontinuity, while the diy

and temperature drop by factors of 3.75 and 4 respectively.
We interpret these jumps as indicative of a passing shock
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front. This shock could have important implications in th&chaier, F. L., van der Tak, F. F. S., van Dishoeck, E. F., &R/ J. H. 2005,
shaping of the nebula. A&A, 432, 369

; ; en, W., Koning, N., Wenger, S., Morisset, C., & Magnor, M. 20IEEE
6. Each of the two opposing polar blobs is assumed to 6glfransactions on Visualization and Computer Graphics, 3%, 4

a Sm_a” Cyllnd_e_l’ split in two sections with very ftérent Teyssier, D., Hernandez, R., Bujarrabal, V., Yoshida, HPHlips, T. G. 2006,
physical conditions. One of them is hot (350 K) and dense aga, 450, 167

(1.5x10° cm™3), has a'?CO abundance of 10 and a Velazquez, P. F., Sfien, W., Raga, A. C., et al. 2011, ApJ, 734, 57
slightly larger velocity (40 km &) than the other one (38 Wesson, R., Cemicharo, J., Barlow, M. J., et al. 2010, A&28,3.144
km gl)’ which is much cooler (50 K), tenu0u9(105 Cm’s) Zijlstra, A. A., van Hoof, P. A. M., & Perley, R. A. 2008, ApJ86, 1296
and shows a largéfCO abundance (2:3.0°%). The shape
of the blobs, as well as the relative position of the cylirsder
(whether the hotter and denser is located at the fore or the af
of the blob) in the model is an arbitrary choice, given that th
emission from the blobs is unresolved in the maps available
in the literature and cannot therefore be determined from ex
isting data. Whether the blobs ar@exted by the same shock
front as the inner shell or they form bow shocks in their ad-
vance against the PDR and molecular envelope is therefore
unclear.
7. The computed molecular mass of the main nebula is 1.15
Mg, while the mass of the blobs is 0.1Jvladding to a to-
tal molecular mass for NGC 7027 of roughly 1.3,MTI'his
figure is compatible with those derived by previous works.
8. The presence of 4 in the spectrum of NGC 7027, a C-
rich nebula, is striking. From the profiles of the two detdcte
transitions we conclude that the water is formed in a region
close to the shocked inner shell, if not even slightly cldser
the extremely hot central star. We cannot rule out the possi-
bility of shocks as the leading mechanism in the formation
of water. However, given the proximity to the extremely hot
central star, we consider more likely that the formation is
mainly photo-induced by UV radiation from the star.
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Fig. 1. Resulting synthetic spectra (red, dotted-dashed line)oservations (black histogram) for th&CO and'3CO transitions
detected in NGC 702710 refers to the intensity factor applied to the model to actdanthe uncertainties in the model’'s
radiative transfer solving and in the observations’ caliion.
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I: Inner shell NGC 7027 molecular envelope NGC 7027 molecular envelope
M1: Middle 1 shell model diagram ity fi
M2: Middle 2 shell velocity field
O: Outer shell
o
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Fig. 2. Left: Schematic representation of the model of the moleculaelepe of NGC 7027. The shells and blobs are colored
according to their densities, in a logarithmic scale. Thesastenote the equatorial and polar directidrigiht: Velocity field of

the model, resulting from the combination of radial and potamponents, both pointing outwards from the central Stae. polar
component is activated for distances to the equator gré@er1.510' cm (the region where it is not active is indicated). The
velocity of the polar blobs is purely along the polar direnti
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