STUDY OF MASS-LOSS IN THE PLANETARY NEBULA NGC 1514
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Abstract: The planstary nebula NGC 1514 is found to reside within giant dust structures which may represent fossil
records of its progenitor’s transition from spharically symmetric to bipolar mass loss. The transition from spherically
symmetric Asymptotic Giant Branch (AGB) mass loss to aspherical Planetary Nebulas (PMe) is an infriguing problem of
stellar astrophysics. On 12 pm maps of the Infrared Astronomical Satellite (IRAS) we detected o huge (2.6 pc) roundish
emission nebula around the evolved PN MNGC 1514, On 100and 60 um IRAS maps we additionally found two giant (1-
2 pc) bipolar dust emission structures centered on NGC 1514 The total mass of all these structures 1s2.2 1 1.4 sclar
masses. We argue that NGC 1514 and its dusty surroundings represent the preserved history of the main mass loss

phases of o star of intermediate intial mass.
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INTRODUCTION

Towards the finale of their lifetime, almost all (95-98%%) stars,
that 15 stars of low and intermediate mitial mass (M.~ 1 — &
solar mass) lose a substantial fraction of their mass on the
Asymptotic Glant Branch (AGE) in form of massive winds,
which compels them into the Planetary Mebula (FI) phase.
PNe are well known for their Fascinating range of shapes and
morphologies. Besides being ideal laboratories for the study
of various astrophysical processes prevailing inhighly excited
dilute nebulae, PMNe and their progenitors are key objects for
the understanding of the evolution of stars (7, Z). In this
connexion, the transformation from spherically symmetric
AGE winds to non-spherical PNe represents one of the most
enduring problems of stellar astrophysics (3. Obviously,
high-speed collimated outflows of jets acting during the late
AGE or proto-planetary nebula (PPI) phase are responsible
for the non-sphericity and thus play a decisive role in shaping
PMe (4-¢). Multitudinous observations of AGE stars, PPNe
and FlNe have been serving as snapshots in time in order to
understand the origin and evolution of an average (aspherical)
PN. Despite all these great efforts the transition from AGE
stars — the main producers of carbonaceous stardust (7) - to
PNe however is still poorly understood (8, &)

OBSERVATION

Here we report on giant dust structures found in the far
infrared around the evolved planetary nebula NGC 1514, on
maps ofthe Infrared Astronomical Satellite (IRAS) NGC 1514
(J2000.0: e =04h:09m: 1720, § =+30%46"33 5" Galactic
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Fig. 1: (A) Optical image of the planetary nebula NGC 1514, The
hright ohject at the nebula’s center 15 the ADII star HD 281679, the
companion star of the spectroscopically confirmed (23) hot (~6 x10*
K central star, which has not been detected lutherto on direct umages.
Morth 15 up, east to the left. Mote the bnghtness depression in the
niebula and the famt protrusion of nebular emizsion towards the south-
south-west, at a position angle P4 = 197° £ 5° (B} The area
surrounding NGC 1514 m the mfrared. Shown iz a 7.5° region at 12
i, taken from IRAS using SkyView, centered on the P (circle; heing
~5% larger than the PN). HGC 1514 1z located close to the center of
a large (~0.3% roundish dust ermission region.

coordinates [ = 165.53°, -15.29%) is a bright roundish
arnorphous PI with a radius of ~65" and has a faint halo with
aradius of ~30" (/). tharbors a binary: the bright companion
to the true, invisible, central star 15 of type AOII and has a
proper motion of i cosd=-8 14 £154 andp, =363 +£1.24
milliarcsecfyr (/1) Bince this star is (still) centrally located,
one may safely assume that this proper motion also applies
to the planetary nebula InFig 14 an optical image of the
nebula and its ADT star 15 reproduced.
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NGC 1514 1sone of the few PIe with arelativelyreliable distance
of D= 185 (+140, -30) pc ({1) In the framework of a
spatiokinernatic study it is argued that the nebula is a descendant
of a cormmon errelope system and that the binary period 154 —
9 days, with an initial (e mam sequence)mass of the progenitor
ofthe true Chot) central star of ~d 504, (720, Bince central stars of
FNe represent voung white dwarfs witha Chandrasekhar (upper)
mass lirnit of ~1.4 3, a total mass of at least about 3 AL must
have been shed during the evolution of this star

In Fig. 1B an image in the IRAS 12 pm bandpass of a large
area around the P shows NGC 1514 to be located near the
middle of a roundish region of enhanced homogeneous
emission with a diameter of ~0.8° NGC 1514 itself clearly
stands out as a point-like emission peak (Fig. 1B). Both the
shape of the region and the location of the PN suggest a
relation between these two. We assume that the emission is
due to dust and that the region is at 2= 185 pc. By use of the
60 pm and 100 wm fluges of this region (after subtraction of
the infrared emizsion of NGC 15143 we found a color
temperature of T=22+3 K, using (! £) Fromthe IR fluzes (in
Jyyofthe PN (12 pme <0.25; 25 pme 1,03 60 wm: 10.17; and 100
prre 21,97 the 60 pm and 100 pm fluxes lead to the same
temperature, i.e. T=29 £ 3 K, but there is also amuch warmer
cornponent (>100 K} derived from the 12 and 25 pum data (all
these data have been derived by use of IRAS images from
Groningen). A temperature of 29 K — only several degrees
higher than the interstellar cirrus temperature of ~20 K - points
to dust heating from the outside, probably from the interstellar
radiation field plus a contribution from the inner nebula and
its central source(s).

RESULTS

Assuming a gas-to-dust mass ratio of 150 and using a
cornmonly accepted dust mass relation (4 5), we derived total
masses of 2.1+ 1.4 A for the roundish region (without NGC
1514 and 0.08 £ 0.05 M. for the FIN. The combined tmass
henceis about 2.2 £1.4 M., comparable tothe estimate ofthe
total mass shed by the progenitor of NGC 1514 (/2 Onhigh
resolution (HIRES) images of IRAS maps (HIRES can
produce resolution of ~1" of the roundish region,
symimetrical emission structures around MGC 1514 become
visible Fromnow onwe will assume that all these structures
are linked to the PN and lie inthe plane ofthe sky. The latter
assurnption will for example leadto lower limits on physical
sizes. InFig. 2 the brighter of these are presented in the four
IRAS passbands. The least disturbed is the one at 100 pm,
which is of symmetrical shape, reminding of the appearance
of a bipolar outflow In Fig 2D this bipolar structure has a
100 wm angular extent of 22", correspondingto a linear size
of 1.2 pe. Its length-to-width ratio is ~3. Adistinet pealt of
emission 15 present in the north, 8.1' (0.44 pe) distant from
NGC 1514,

The long axis of the whole structure shows a position angle
FA=200°+2", 1 e practically the same B4 (within the errors)
as the brightness depression in the nebula and the faint

a 12 jurn 6
& 5
: ;
i ; ] i
i g .
=y
A 2 R
o
I ReLGN S LT pA.o0ny MW .
I fHlam [u] Db parm
% =
B 1]
A 4
B LY 3 =
= i ] S
o | - o
(] s,
B B
H |
B ¥
T R 0F T mean o
Fig. 2: Contour maps of a ~0.5% x ~0.5° region in the infrared

centered on NGC 1514, The IRAS (HIRES) contours span, in panel
CAY 0.0 to 2.0 MIyfer as follows: 0, 0.27, 0.57, 0.87, 1.17, 147, and
2.0; in panel (BY 0.5 to 8.0 MIyfer as follows: 0.5, 0.8, 1.1, 1.4, 2,
35, 4.5 6.0, and £.0; in panel (C) 1.05 to 17.0 MIvfsr in the steps
1.05 1.3, 1.5, 1.65, 225 Z2.85 3.5 45 6.0, 80, 10,0, 12.0, 15.0,
and 17.0, and in panel (D} 6.7 t0 171 MIyfsr, in steps separated by
0.65 WIyfsr, respectively,. The slight east-west elongation of the
contours i3 not real Particularly at 12 wm there 15 a prominent
backoround source 7.5 south of the center of the PM. This source
twists the southern part of the bipolar lobe, but least (or not at all) at
100 . The arrow shows the direction of the proper motion of the
AOTID star

protrusion of nebular emission towards the south-south-west
i the PN itself (Fig. 14). This long axis, defined as a straight
line passing through the center of the northern peak of
emission and dividing the southern lobe in two halves of
about equal area lies east of the PN (offset 1.4, corresponding
to 0.075 pc) and is perpendicularto the proper motion of the
PN. The offset can, provided the structure represents an
outflow, be due to an interaction with ambient medium. In
Fig. 2D the contours of NGC 1514 show a steeper gradient
towards the direction of proper motion, supporting an
interaction. The mass of the structure - after subtraction of
the PN and of the fainter matter within which it is embedded
(see below) - was estimatedto be 0.24 + 0.16 M. (using T=29
). Mo object (galaxy, dust-enshrouded star . ) that could be
the source of the peak of infrared emission in the northern
lobe wras found.

When going to fainter brightness levels on the HIRES 100
pm images, two additional outer ermission peaks become
visible (Fig. 3). They are located in the north-east and south-
west, respectively, and have a separation from NCG 1514 of
~20" each. Astraight line connecting these peaks shows a B4
=218 and clearly lies east ofthe P (offset 1.8, corresponding
to 0.097 pe at ©=185 pc). Henee, this straight line lies slightly
eastwards of the long axis of the inner structure described
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above, 1. e farther away from the PN compared to the inner
structure. Again we believe that this offset is due to an
interaction with ambient medium, supported by the gradient
inn the contours towards the direction of motion of the PN
(Fig. 3). The peaks of this outer structure have a linear
separation of 2.1 pe. The total mass of the outer structure
could be estimated in avery approximate way only: we found
04 +£03 0 (using T=29 K), that is it appears to have
roughly the same mass as the inner structure. No objects
that could be sources of the peaks of infrared emission in the
lobes were found. Inthe optical, there is very faint widespread
diffuse emission visible around NGC 1514 on the Palomar
Observatory Sky Survey [ and I with a surface brightness
fainter than ~24 mag/arcsec?, possibly (in part) representing
extensions of reflecting dust clouds from the star forming
regions Tau I and IT that are ~3° away in the south-east. An
optical spectrum (45 min, 1.8 m telescope of the Asiago
Observatory) of the northern lobe, compared to an analogous
spectrumn north of this lobe did not show any noticeable line
emission,
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Fig. 3(A): Contourmap of a ~12x~1" region at 100 pm centered on
NGC 1514, The [RAS (HIEES) contours represent 3.7, 4.5, 5.8, 6.8,
T8 1000, 12.0, 14.0, 16.0 andl 7.5 MIvist, respectively A and &
mark the masxima of the outer structure, B and B the maxima of the
inner structure. They are connected by straight lines, thus
demonstrating their offset from the position of NGC 1514, The
msert shows a magmfication of the mner region of the figure (red
box), revealing that the midpomnts (blue plus signs) of the lines
connecting & - & and B - B" lie along the direction of the proper
motion (arrow) of NGC 1514, the position of which is marked by an

asterisk. (B) Known dizcrete sources (from the SIMBAD data base)
projected onto the 100 wm IRAS (HIRES) contour map. The field is
the same as that of (&) The stars, tHangles, upside down triangles,
diatnionds, and the pluz sign represent stars, IRAS sources, X-ray sources,
Ced 29 (nebula of unlmown nature) and NGC 1514, respectively.

This star forming complex is, at D= 140 pe, closer to us than
NGC 1514, and the PN rmight lie behind some outlying traces
of molecular (and probably dusty) material of it (/). Hence,
we cannot exclude that the 0.8 large roundish nebula in Fig.
1B is a foreground object or is slightly contaminated by
toreground material. The shape ofthisnebula and the location
ofthe PN however rather suggest a stellar origin. As is evident
from Figs. 2 and 3, the well defined bipolar inner structure
and the outer dust emission structure could be contaminated
too, but the former almost certainly appears to be physically
linked to the central object, 1. e. the PIN and/or its progenitor.

WGC 1514 has an average expansion velocity of 23 ks (1 2).
Takting its radivs of 65" (that is 0.058 poat D= 185 pc), its
average expansion velocity of 23 kmfs (12), and assuming

constant expansion velocity, the planetary nebula 15 not older
than about 2,500 vears.

DISCUSSION

We suggest that all the structures described above can be
put in chronological order. The roundish nebula is the fossil
remnant of the spherically symmetric outflow in the AGE
phase. The outer bipolar structure marks the first (massive)
aspherical ouflow inthe PPN phase, later followed by a second
one (the inner bipolar structure), which took place along
another axis due to precession. Later, the FI formed and was
partly shaped by the effects of the earlier dusty outflows as
is indicated by its brightness depression in along the same
axis as the inner bipolar structure. These collimated outflows
are probably driven by an accretion disk around the hot
compact central star or around a possible third companion
star; NGC 1514 perhaps might contain a triple-star system
{5y To sum up, NGC 1514 and its surroundings could
represent the preserved history of the main mass loss phases
of astar of interme diate initial mass.

Typical wind velocities inthe AGE phase are 10— 20 km/s. To
cover the angular distance of 0.4° (corresponding to 1.29 pe
at D= 185 pc) with a constant velocity of 15 lon/stakes 3.4 x
10* years. Hence this is approximatelythe time when the strong
spherical AGB mass loss started, its material is now visible
as the roundish nebula of dust emission. Inthe short (typically
~1,000 years) phase of transformation from spherical mass
loss into an aspherical nebula, the outer structure (A - & in
Fig 3) was generated, it may contain entrained material from
the AGE wind We assume that the generation of the outer
structure started 1,000 years before the PN was born, i.e
3,500 years ago. To cover 19.8' (1.07 pe) within 3,500 years
requires a velocity of 298 km/s (being a lower limit in case
that this structure 15 not in the plane of the sky). Speeds of a
tew 100 lun/s are indeed characteristic for collimated bipolar
outflows in this phase (4, 7 7-79). We further assume that the
inner outflow (Fig. 2D) started 3,000 years ago: To bridge the
distance betweenthe midpoints ofthe line B - B’ (Fig. 343 to
the northernpeak (8.1, corresponding to 0.44 pc) wouldresult
inavelocity of (at least) 143 kmfs. The offsets of the midpoints
of the lines A— & and B B’ along the proper motion vector
ofthe PN (i.e. their lagging behind) could indicate interaction
with ambient matter, but due to the long time scales involved
any non-alignment with the position of the PI also cannot
be ruled out. Finally, the channel-like reduction in brightness
in the south-south-west in the optical image of NGC 1514
(Fig 1A) might either be an indication of a still ongoing mild
mass loss - apart of the ionized gas inthe PN appears to use
this channel to protrude from the main body of the FIN
Alternatively, this cavity could stem from the shock interaction
arnong different winds, resulting from the mass loss process
already finished, 1.2 where the most collimated component
already escaped from the nebula

CONCLUSION

“We suspect that this planetary nebula is not the only one
where fossil records of (hipolar) ancient mass loss in its
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neighbourhood as well as signs of the resulting shaping of
the PN can be found Due to its closeness, the rather smooth
infrared background emission and particularly due to the hugh
mass lost by its progenitor it however appears to offer
optimum conditions for detection and further study.
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