A&A man uscript no. (will b e inserted b y hand later) Y our thesaurus co des are: 06 (08.16.4; 08.03.1; 08.03.4; 08.09.2; 08.13.2; 09.16.2; 13.19.5) ASTR ONOMY AND ASTR OPHYSICS 28.11.1997 CS c hemistry in the bip olar nebula CRL 2688 T. Kasuga 1 ; 2 , I. Y amam ura 3 ; 4 ; 5 , and S. Deguc hi 2 1 Departmen t of Instrumen t and Con trol Engineering, Hosei Univ ersit y , Ka jino 3-7-2, Koganei, T oky o 184, Japan 2 Nob ey ama Radio Observ atory , National Astronomical Observ atory , Minamimaki, Minamisaku, Nagano 384-13 , Japan 3 Departmen t of Astronom y , Sc ho ol of Science, Univ ersit y of T oky o, Bunky o, T oky o 113, Japan 4 Institute of Astronom y , Sc ho ol of Science Univ ersit y of T oky o, Osa w a 2-21-1 Mitak a, T oky o 181, Japan 5 temp orary address: SR ON Lab oratory for Space Researc h Groningen, P . O. Bo x 800, NL-9700 A V Groningen, The Netherlands submitted A. Ap. on Sept. 11, 1996; v er 1.0 Abstract. High spatial-resolution observ ations of the protoplanetary nebula CRL2688 w ere made b y the CS J =1{0 and J =2{1 lines with the Nob ey ama Millime- ter Arra y with angular resolutions of 6 00 � 6 00 and 3 00 � 3 00 , resp ectiv ely . The mapping observ ations rev eal that strong CS p eaks in the J =2{1 line are lo cated symmetrically at b oth sides of the optical dark lane at the cen ter, though the CS J =1{0 distribution is rather round. These CS p eaks seem to b e sligh tly misaligned from the optical bip o- lar axis. A mo deling of the CRL 2688 en v elop e results that the densit y distribution is nearly spherically symmetric but the abundance of CS is enhanced near the p olar re- gions. The increase of the CS abundance near the p oles can b e explained b y the c hemistry of sulfur con taining molecules in the p ostsho c k ed region in the high-v elo cit y o w. Key w ords: protoplanetary nebulae { radio observ ations of molecules { circumstellar molecules 1. In tro duction The infrared source, CRL 2688, is a re ection nebula (the "Egg Nebula") with remark ably symmetric optical lob es whic h are separated b y dark lane (Ney et al.1975). The Hubble Space T elescop e found searc h-ligh t b eams and m ultiple arclets in this source (Sahai et al. 1996). The cen tral ob ject is an ev olv ed star with a sp ectral t yp e of F5 (Cramption et al. 1975). Radio line obser- v ations rev ealed that the circumstellar en v elop e consists of ric h carb on-b earing molecules (Zuc k erman et al. 1976; Nguy en-Q-Rieu et al. 1988). High-resolution radio obser- v ations found a w eak bip olarit y in the high-v elo cit y molec- ular out o w (Heiligman et al 1986), or an longated feature along the optical dark lane. (Ka w ab e et al. 1987, Bieging Send o�print r e quests to : S. Deguc hi 2 ; deguc hi@nro.nao.ac.jp & Nguy en-Q-Rieu 1988). The o v erall distribution of CO emission is, ho w ev er, found to b e rather spherically sym- metric (T ruong-Bac h et al. 1990). The high v elo cit y com- p onen ts of ab out 20-30 km s � 1 of 13 CO are not orien ted along the the bip olar axis (Y amam ura et al. 1995, 1996). It has b een b eliev ed that the CS molecule is a go o d prob e for the dense disk in y oung stellar ob jects (e. g., Kaifu et al. 1983). Ho w ev er, in the ev olv ed ob jects, a p oten tial of the CS molecule as a disk prob e is still unkno wn. The map- ping observ ation of the CS J =2{1 line for the alternativ e protoplanetary ob ject, CRL 618, has sho wn that emission is not necessarily asso ciated with the disk (Ha jian et al. 1995). T o study the CS distribution for the represen ta- tiv e protoplanetary nebula CRL 2688, w e ha v e made high spatial-resolution observ ations. 2. Observ ations Observ ations b y the CS J =1{0 and J =2{1 transitions at 48.991 and 97.981 GHz, resp ectiv ely , w ere made with Nob ey ama Millimeter Arra y during the Dec. 1988 { April 1989 session using �v e an tennas with 2 con�gurations in eac h CS line (20 base lines eac h). The SIS receiv ers at 49 and 98 GHz w ere op erated in the double side band mo de and the system temp eratures at these frequencies w ere ab out 300{400 K. The side-band separation w as made with a phase switc hing b y 90 degree. The 1024 c hannel, digital FFT sp ectro-correlator with a band width of 320 MHz w as used, giving the v elo cit y resolution of 1.9 and 0.9 km s � 1 p er c hannel for the J =1{0 and 2{1 transitions, re- sp ectiv ely . The radio source, BL Lac (2200+420), w as used as a ux and phase calibrator. The ux densit y of the cali- brator at eac h frequency w as obtained b y observing V en us and Mars at eac h con�guration. The ux densities of 3.7 and 2.2 Jy at 49 and 98 GHz, resp ectiv ely , w ere adopted through the observing session. The band pass calibrations w ere made b y observing 3C84 after ev ery CRL 2688 obser- v ation. The data w ere reduced using the Nob ey ama pac k-

2 T. Kasuga, I. Y amam ura, and S. Deguc hi: CS c hemistry in the bip olar nebula CRL 2688 Fig. 1. The in tegrated-in tensit y maps of the CS J =1{0 (righ t pannel) and J =2{1 (left pannel) lines for CRL 2688. The CS emission is in tegrated in the v elo cit y range b et w een V lsr =-80 and -15 km s � 1 . Con tour lev es are dra wn in ev ery 20 p ercen t of the p eak v alue. The brok en lines sho ws a direction of the optical bip olar axis. The gra y ellipse near the b ottom-righ t corner sho ws a b eam shap e. The cross mark sho ws the p eak of emission ( R A =21h00m19.8s, D ecl : =36 � 29’45 00 , 1950). Fig. 2. The v elo cit y-c hannel maps of the J =1{0 line for CRL 2688. Con tour lev es are dra wn in ev ery of 90 mJy/b eam (one sigma) ab o v e the lo w est con tour lev el (three sigma). The b ottom-righ t three panels, (c’), (i’), and (o’), are the c hannel maps otained from the mo del calculations. The cross mark indicate the p eak p osition of emission

T. Kasuga, I. Y amam ura, and S. Deguc hi: CS c hemistry in the bip olar nebula CRL 2688 3 Fig. 3. The v elo cit y-c hannel maps of the J =2{1 line for CRL 2688.The con tour lev els are dra wn in ev ery 50mJy/b eam (one sigma) ab o v e the lo w est con tour lev el (three sigma). The b ottom-righ t three panels, (g’), (k’), and (n’), are the c hannel maps obtained from the mo del calculations. age of the AIPS system and CLEANed maps w ere made. The resulting syn thesized b eam w as nearly circular with a full width of a half maxim um of 6 00 at 49 GHz and 3 00 at 98 GHz. The con tin uum w as detected only at 98 GHz and the total ux densit y of the con tin uum w as 0.15 Jy at 98 GHz, whic h is consisten t with previous measuremen ts (Knapp et al. 1994). Figure 1 sho ws in tegrated in tensit y maps for the J =1{ 0 (left pannel) and J =2{1 (righ t pannel) lines. Emission is extended b y ab out 15 00 . They are appro ximately circular for b oth lines, but sligh t deviation from the circular sym- metry can b e seen in the cen tral part in the righ t pannel (the J =2{1 line). The elongated structure can b e seen in the J =2{1 map. The direction of elongation seems to b e misorien ted from the direction of the optical bip olar axis whic h is sho wn as the brok en line in �gure 1. It is p ossi- ble that the complex structure seen in the J =2{1 map is smeared with the larger b eam in the J =1{0 map and b ecomes unrecognizable. Figures 2 and 3 sho w the resulting c hannel maps of the CS J =1{0 and 2{1 lines of CRL 2688. The J =1{0 maps (Figure 2) with a 6 00 resolution sho w that emission is almost p eak ed at the cen ter, i.e., at the mid p oin t b et w een the optical bip olar lob es. In con trast, the J =2{1 maps (Figure 3) with a 3 00 resolution sho w rather complicated structure. The total ux densities of the J =1{0 and 2{1 lines at the p eak (calculated from the map ) are 1.1 and 4.5 Jy , resp ectiv ely . The most distinctiv e features in the J =2{1 c hannel maps are t w o concen trations of emission at the North- East and South-W est sides of the core. The t w o p eaks of emission are separated b y ab out 5 00 . They are closely orien ted to the direction of the optical bip olar axis (NNE to SSW), but lo ok sligh tly misaligned to the bip olar axis. Another notable feature is a lateral elongation whic h is orien ted appro ximately in the direction of the optical dark lane; this feature can b e seen in the panels (j), (l), and (m) in Figure 3. The line pro�le whic h is in tegrated o v er the source is sho wn in Figure 4. The high v elo cit y comp onen t at V lsr = -70 to -55 km s � 1 seems to b e detected, though it is quite di�cult to recognize it in the indivisual c hannel maps. The p eak ux densit y of 4.5 Jy of the J =2{1 line is consisten t with the previous single-dish observ ation of T B = 0 : 12 K of this transition with the NRA O 11-m telescop e (Zuc k er- man et al. 1976) and the missing ux is estimated to b e less than 20% in the presen t in terferometric observ ations.

4 T. Kasuga, I. Y amam ura, and S. Deguc hi: CS c hemistry in the bip olar nebula CRL 2688 3. Discussion T o obtain ph ysical parameters of the en v elop e of CRL 2688, w e ha v e calculated the CS line in tensities with the Large-V elo cit y-Gradien t(L V G) appro ximation. In the mo deling based on 13 CO in terferometric observ ations (Y a- mam ura et al. 1996), w e calculated the gas densit y in the en v elop e of CRL 2688 under a giv en temp erature dis- tribution. The result w as that the densit y distribution is roughly spherically symmetric in this source. In this mo del, the high-v elo cit y comp onen t is presen t at the part of the core of radius of � 3 � 10 16 cm. Ho w ev er, it is clear that the spherically symmetric mo del cannot repro duce the doubly p eak ed morphology in the observ ed CS maps. F or a new mo del to b e consisten t with the previous mo del based on the 13 CO observ ations, w e in tro duce the mo del in whic h the CS abundance is enhanced at the nar- ro w p ostsho c k ed regions lo cated at the inner core. Ov er- all densit y and kinetic temp erature distributions in the outer en v elop e are tak en to b e the same as used in the 13 CO mo deling and the CS abundace is constan t in the outer en v elop e. The p ostsho c k ed regions are lo cated near the cen ter within a few arcsec. The sho c k is considered to propagate in narro w cones from the cen tral star in the t w o opp osite directions, reac hing no w at the radius r s from the cen ter. F or simplicit y , w e assume that the p ostsho c k ed re- gions are represen ted b y t w o opp ositely placed frustums of narro w cones (for geometry , see Fig. 13 of Y amam ura et al. 1996) and that the CS abundance is uniform in the frustums. The axis of the narro w cone is tak en to b e ro- tated b y 45 degree from the north (sligh tly misorien ted from the bip olar axis). The top and b ottom of the frus- tum of cone are tak en to b e lo cated at radii, r i and r s , from the cen tral star. The CS abundance, an op ening angle of the cone, and gas kinetic temp erature in frustums of the cone are tak en as free parameters and to b e adjusted to �t the calculated to the observ ed in tensit y of the doubly p eak ed feature of CS emission. The gas densit y is giv en b y the assumption of the constan t mass loss rate of 3.0 � 10 � 4 M � yr � 1 for b oth inside and outside of the cone (Y amam ura et al. 1996). The rate equations are n umerically solv ed under the L V G appro ximation. The lev el p opulations of CS up to J =12 are calculated and in tensities at eac h p osition and at eac h frequency are m ultiplied b y the b eam factor and con v erted to the ux densities in v elo cit y c hannel maps. They are compared with the observ ed c hannel maps. The calculated c hannel maps are sho wn on the three separated panels at the b ottom righ t in Figures 2 and 3. The b est-�t parameters of the mo del are sho wn in T able 1. The mo del correctly repro duces the singly and the doubly p eak ed dis- tributions in the the J =1{0 and J =2{1 c hannel maps and the p eak uxes of b oth J =1{0 and 2{1 lines in the mo del are consisten t with the observ ational v alues (see also Fig. 4). The excitation temp erature of the CS J =1{ Fig. 4. Syn thesized sp ectra of the CS J =1{0 and J =2{1 lines for CRL 2688. The top thic k line sho ws the J =2{1 line and the lo w er thin line the J =1{0 line. Brok en lines sho w the sp ectra calculated from the mo del. 0 and 2{1 lines in the mo del is ab out 10 K at the outer en v elop e and at ab out 40 K in the cone. The CS abundance in the p ostsho c k ed region, 9 � 10 � 7 p er H 2 , whic h is obtained in this pap er is b y ab out a fac- tor of few smaller than the v alue obtained b y the previous single-dish observ ations in the J =3{2, and 5{4 transi- tions (Bujarrabal et al. 1994). This is b ecause the previous mo del assumed the mass loss rate b y a factor of 3 smaller than used in this pap er and the distribution of CS w as uniform in the en v elop e. In addition, w e use a higher ki- netic temp erature in the cone. The o v erall abundance of CS as 1 : 8 � 10 � 7 is consisten t with the L TE atmospheric abundance in carb on stars (Lafon t et al. 1982). The increase of the CS abundance in the p ostsho c k ed region can b e explained b y a sho c k c hemistry . Based on time-dep enden t kinetic calculations, Mitc hell (1984) demonstrated that the abundance of sulfur-con taining molecules increases at p ostsho c k region. In this sc heme, the CS molecule is created b y the reaction, CH + S � ! CS + H . F or the slo w sho c k ( V = � 7 km s � 1 ), the CS abundance is enhanced b y ab out t w o orders of magnitude at p ost- sho c k ed region. The higher-v elo cit y sho c k giv es a lo w er CS abundance. This picture of sho c k c hemistry seems to �t w ell to the presen t observ ations. The presence of emis- sion of high J transitions for CO and CS (Jaminet et al. 1992, Bujarrabal et al. 1994) strengthens this idea. More- o v er, the high abundance of complex radicals as C 2 H and C 4 H (F uk asaku et al. 1994) ma y indicate that the carb on c hain molecules are disso ciated in the sho c k ed region. The emission p eaks of the J =2{1 line are not aligned in the direction of the optical bip olar axis (see the HST picture tak en b y Sahai et al. 1996), but rather in the direc- tion close to the line connecting the cen ter p ositions of the

T. Kasuga, I. Y amam ura, and S. Deguc hi: CS c hemistry in the bip olar nebula CRL 2688 5 13 CO high-v elo cit y o w (Y amam ura et al. 1995). It is p os- sible that the p ositions of the sho c k are not on the bip olar axis but at sligh tly di�eren t lo cations . Mapping observ a- tions of near-infrared H 2 lines rev ealed quadra-p olar com- p onen ts whic h are orien ted along and p erp endicular to the optical bip olar axis. (Latter et al. 1993, Skinner et al. 1996). In con trast to CS, the other high-densit y tracers as HCN (Bieging & Rieu 1988), H 13 CN, HNC, HC 3 N, and SiS (Nguy en-Q-Rieu and Bieging 1990) exhibit an feature elongated in the direction p erp endicular to the optical bip olar axis in CRL 2688. The CS J = 2{1 maps (Ha jian et al. 1995) in CRL 618 do es not exhibit an y paticular sign of the sho c k enhancemen t of CS in the en v elop e but rather a clump y structure whic h is similar to the structure found in CO (Shibata et al. 1993). It seems quite di�cult to in- terpret all these observ ations consisten tly with a simple mo del. Mo dels with clump y or m ultiple-shell structures, ma y b e necessary to explaine these observ ations. Higher spatial-resolution observ ations are de�nitely required to resolv e complex morphological and kinematical structures of these sources. T able 1. Mo del P arameters P arameter v al ue | Ov erall parameter | Inner radius (r i ) 8 � 10 15 cm Outer radius (r o ) 1 � 10 17 cm Mass-loss rate 3 : 0 � 10 � 4 M � y r � 1 V elo cit y ( r i < r < r o ) 19 : 6 ( r =r o ) 0 : 33 k m s � 1 Kinetic temp erature (T k ) 65( r =r i ) 0 : 477 K CS abundance 1 : 8 � 10 � 7 per H 2 | P arameter in the cone | Sho c k radius (r s ) 6 � 10 16 cm Inner radius (r i ) 8 � 10 15 cm Op ening angle of the cone 45 � V elo cit y ( r i < r < r s ) 40 k m s � 1 Kinetic temparature 2 � T k CS abundance 9 � 10 � 7 per H 2 4. Conclusion In this pap er, w e ha v e made high spatial-resolution obser- v ations of CS in the protoplanetary nebula CRL 2688. CS emission (the J =2{1 transition) is found to b e doubly p eak ed at the core region and the direction of the p eaks are misaligned to the bip olar axis. F rom these �ndings, w e susp ect that the CS abundance is enhanced in the p ost- sho c k ed region. CS molecules can b e used as a prob e for the sho c k c hemistry in the protoplanetary nebulae. A cknow le dgements. The authors thank to the NR O in terferom- eter group for op eration of the Nob ey ama Millimeter Arra y . I. Y. akno wledges a �nancial supp ort b y the Researc h F ello wship of Japan So ciet y for the Promotion of Sciences. References Bieging, J. H., Nguy en-Quang-Rieu, 1988, ApJ, 324, 516 Bujarrabal, V., F uen te, A., Omon t, A., 1994, A&A, 285, 247 Crampton, D., Co wley , A. P ., Humphreys, R. M., 1975, ApJL, 198, L135 F uk asaku, S., Hirahara, Y., Masuda, A., Ka w aguc hi, K., Ishik a w a, S., Kaifu, N., Irvine, W. M., 1994, ApJ, 437, 410 Ha jian, A.R., Phillips, J.A., & T erzian, Y., 1995, ApJ, 446, 244 Heiligman, G. M. et al., 1986, ApJ, 308, 306 Jaminet, P . A., Danc hi, W. C., Sandell, G., Sutton, E. C., 1992, ApJ, 400, 535 Kaifu, N., et al., 1984, A&A, 134, 7 Ka w ab e, R., et al., 1987, ApJ, 314, 322 Knapp, G. R., Bo w ers, P . F., Y oung, K., Phillips, T. G., 1994, ApJL, 429, L33 Latter, W. B., Hora, J. L., Kelly , D. M., Deutsc h, L. K., Mal- oney , P . R., 1993, AJ, 106, 260 Mitc hell, G. F., 1984, ApJ, 287, 665 Ney , E. P ., Merrill, K. M., Bec klin, E. E., Neugebauer, G., Wynn-Williams, C. G., 1975, ApJL, 198, L129 Nguy en-Q-Rieu, Bieging, J. H., 1990, ApJ, 359, 131 Nguy en-Q-Rieu, Deguc hi, S., Izumiura, H., Kaifu, N., Ohishi, M., Suzuki, H., and Ukita, N., 1988, ApJ, 330, 374 Sahai, R., T rauger, J., the WFPC2 Science T eam, and NASA, 1996, in WWW at STSCI (h ttp://www.stsci.edu /pubinfo/PR/96/03.h tml) Skinner, C. J. et al., 1996, A&A, submitted. Shibata, K. M., Deguc hi, S., Hirano, N., Kamey a, O., & T am ura, S., 1993, ApJ, 415, 708 T ruong-Bac h, Nguy en-Q-Rieu, Morris, D., Deguc hi, S., 1990, A&A, 230, 431 Y amam ura, I., Onak a, T., Kamijo, F., Deguc hi, S., Ukita, N., 1995, ApJL, 439, L13 Y amam ura, I., Onak a, T., Kamijo, F., Deguc hi, S., Ukita, N., 1996, ApJ, 465, 926 Y oung, K., Serab yn, G., Phillips, T. G., Knapp, G. R., G � usten, R., Sc h ulz, A., 1992, ApJ, 385, 265 Zuc k erman, B., Gilra, D. P ., T urner, B. E., Morris, M., P almer, P ., 1976, ApJL, 205, L15 This article w as pro cessed b y the author using Springer-V erlag L A T E X A&A st yle �le L-AA v ersion 3.