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Abstract. The factthat Space Telescope WFPC2 images of thienilar limit to the magnitude, 18.78. These latter authors pr
planetary nebula NGC 6537 fail to show the central star is uséidt that a ‘crossover’ magnitude, (that magnitude for which t
to derive a limit to its magnitude: it is fainter than a magnitude and the Hell Zanstra temperatures will be the same), is 19.
of 22.4 in the visible. This is used to derive a lower limit to theorresponding to a stellar temperature of 250 000 K. Heap e
temperature of the star. The Zanstra temperature is at least GB0) also fail to detect the star in conditions of very goo
000 K. The Energy Balance temperature is found to be consisteeging. They report that the star must be fainter thgn2a.0.
with this value, as is the ionization state of the nebula. Assuming The Hubble Space Telescope (HST) permits a much i
a reasonable range of distances for the nebula, the radius offifm/ed measurement of the magnitude. This is because the
star can be found. It is consistent with the mass-radius relatianimage is an order of magnitude smaller, due to the fact t
of a white dwarf of 0.9V/, or higher. there is no seeing to broaden the image. This greatly increa
the contrast, by about a factor of 100. We shall report on th
Key words: stars: fundamental parameters — ISM: planetargeasurements here.
nebulae: general — ISM: planetary nebulae: individual: NGC
6537 2. Measurements
HST images of NGC 6537 were obtained on 12 Sept. 19
) A total of 18 images were obtained with WFPC2 in progra
1. Introduction 6502 (B.Balick, P.l.). Most of the images are not ideal for o

Determining the temperature of a hot planetary nebula centP4fPOSe; since they were taken with filters which include stro
star is difficult. The methods used are well known, the modgbularlines. Oneimage was taken with the filter F547M, whi
reliable being the Zanstra method, followed by the Energy BRasses visibI_e light containing only \_/veak nebular lines and t
ance method. All the methods have been critically discussedigPular continuum. The exposure time was 40 seconds. S
Stasinska and Tylenda (1986), (hereafter ST) using idealiZfghe other images had longer exposure times, up to 500 s
nebular models. We shall apply them to the case of NGC 659nds. The _results are mt_erestlng: no central star is V|S|l_3Ie
To measure the Zanstra temperature it is necessary to kndfy Of the images including that taken with the F547M filte
in addition to the hydrogen and helium nebular line flux, thENiS is corraborated by Balick (private communication, 200
stellar continuum at some low energy wavelength. Usually tM&10 States that none of the images, including the F547M ima
magnitude of the star in the visual is used. But as a star belOW any trace of a central star'. o
comes hotter, the visual magnitude of the star becomes fainter T0 0btain a quantitative estimate of the upper limit to th
compared to the nebular emission. At some point the star ¢Ragnitude we have proceeded as follows. NGC 6537 has b
no longer be distinguished from the nebular emission. The st&qmpared to Me2-1, which has been chosen because the
dard technique is to use a filter which can exclude the strongioulae are very similar, except that the central star of the lat
nebular lines, but the nebular continuum always remains. AgPula is clearly seen. Me2-1 is slightly larger (diameter ab
image should be made in very good seeing. 9”)_th§1n t_he central region pf NGC 6537 where almost all t
This has been done for NGC 6537 by Gathier and Pottas@/Rission is concentrated (diameter abd{)t Me2-1 has a total
(1988) and Jacoby and Kalér (1989). Neither of these groué flux of -11.34 (log erg cm?s™") compared to -11.66 for
was able to detect the central star. Gathier and Pottasch rep#C 6537. The average surface brightness is therefore v
that it must be fainter than ;#18.9, corresponding to a HellSimilar, but because the central regions of NGC 6537 (wh

Zanstra temperature of 210 000 K. Jacoby and Kaler find a szumably the central star is located) is clearly less bright th
itS outer regions, the central surface brightness in NGC 653
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analysed by Wolff et al .(2000). One of the images measurtite average energy liberated per photoionization, which is a

was taken with an F547M filter and is entirely equivalent tlunction of the stellar temperature. The method is attractive be-

the image taken of NGC 6537, except that the exposure tiweeuse it does not require any observation of the central star, but

was somewhat longer: 100 seconds. The visual magnitudeoafy of the nebular spectrum. In addition there is only a small

the central star was found to be 18.40, and the ratio of the patpendence on the optical thickness of the nebula.

stellar flux in the visual to the surrounding nebular continuum All the collisionally excited lines must be included to ob-

is 20. A star of this magnitude is thus easily seen. If a star codtin the correct temperature. As ST have pointed out, there

be recognized when its peak flux is 50% of the nearby nebutae three potentially important lines which cannot be measured

continuum, its flux would be lower than that of Me2-1 by a factarith present techniques. These ared YD v 1215 A, and Ot

of 40. This is 4 magnitudes, and applies for the central star1¥34 A. The intensity of these lines must be estimated.

NGC 6537 if the nebular continuum is the same as for Me2- The ratiop of the measured collisional excited line intensi-

1. This is approximately true, since, as shown above, the Kesto H3is p=105 (PBF). This includes the Neline at 3426 A

surface brightness of both nebulae is about the same. Becgsmvlands et al, 1994), which isn't listed by PBF, but is reason-

the central regions of NGC 6537 have a lower surface brightneally strong: about 2.9 B The Ov and Ov1 line intensities can

the star could be somewhat fainter. A possible compensationlber found by using estimates of the abundances of the appropri-

this is the somewhat shorter exposure time of the WFPC2 imagje ions from the same reference. The intensities of these lines

of NGC 6537. We estimate that the central star hgs22.4 or turns out to be comparatively small, withabout unity. The

fainter. Ly« line is important however. It's strength may be estimated
This result could have been anticipated. The ground basesifollows. First the amount of neutral hydrogen can be found

measurement was made with a seeing of approximatel Oi@®m

1.0’(Jacoby and Kalef, 1989), while the WFPC2 measuremeply g o

has a resolution of 0”1 an improvement of between a factor of— = SHF (2)

64-100(about 4.5-5 magnitudes). Since Jacoby and Kaler have

an upper limit of ;=18.78, we might expect an upper limit toThe values of ® and O" may be found in PBF and is

the WFPC2 measurement of between 23.3 and 23.8 magnitudges.

That we do not go so faint may have two origins. First, Jacob%

and Kaler had a longer measurement: 600 seconds. Second;we

may have been conservative in estimating that a 50% chang&imus

the continuum level is necessary to recognize the central starg

The effect of the longer exposure time is difficult to estimate,— = 2.58 x 1072 3)

because the nebular background increases just as fast as the

starlight. We maintain the estimate of r22.4. The ratio of the collisional Lymamto Hg is given by

I(Lyo) HOCys

3. Central star temperature I(HB)  HVa(HP) @

=29x1072 )

3.1. Zanstratemperature where the values of the electron density appearing in both the top

The Zanstra temperature requires only a knowledge of the ststd bottom of the equation cancel oatH() is the effective

lar flux density or magnitude and the3Hlux. The extinction recombination coefficient and;€ is the collision excitation
plays only a minor role because these radiation fields arerate. Values of the collisional excitation rate are listed by Drake
almost the same wavelength. A value of log+11.66 and (1983) and are a strong function of the electron temperature.
Ep_y=1.23 (see Pottasch et al, 2001, hereafter PBF, for a disis is given by PBF as 16 500 K or slightly higher over much
cussion of these quantities). The H Zanstra temperature tleéthe nebula. ¢ thenis2.1x10~ cmPs~! anda(HB)=1.89x
becomes %(H)=680000K and the helium Zanstra temperat0—1* cm?s~1. The ratio of collisionally excited Ly to H3 is

ture Tz(Hell)=480000K. The difference between these twtherefore 28.4. The excitation of the higher Lyman lines should
temperatures occurs in high temperature stars because sbmadded to this. Drake gives the collisional excitation rate of
photons which doubly ionize helium can ionize hydrogen &y as 10% of Lyy; we therefore add 10% to the above ratio and
well, sometimes twice. It is expected that the actual tempeigrore the higher Lyman lines. The total ratio of the collisionally
ture lies between these values. The models of ST predict thigited | s to H3 is approximately 140.

behaviour, and show that probably the true value lies closer to The predictegh has been discussed by Preite-Martinez and
the value given by =500 000 K. This value is a lower limit. Pottasch((1983). The ratio depends not only on the stellar tem-
perature, but also on the model atmosphere used, the abundance
of the helium ions (especially doubly ionized helium) and the
optical depth in the hydrogen and helium Lyman continua. We
The underlying idea of this method (also called the Stoy methal)all assume here that the star radiates as a blackbody, whichisto
is that the ratio of the sum of the collisionally excited line interse expected for such a hot star. The helium abundances are those
sities to the intensity of a hydrogen recombination line reflecappropriate to NGC 6537: HéH=0.062 and H&*/H=0.087

3.2. Energy balance temperature
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o
and are taken from PBF. The electron temperature is the saragle 1. The ratiop for hot blackbodies L,'_J
as above, but is not a critical parameter. Three cases may_be —
distinguished. In Case | the nebula is optically thin to ionizingemperature Casell Case IlI i
ra_dlat_lon |n+H, Hé ar_1d Hé. In Case Il th_e nebula is optically 200000 84 82
thick in He™ and thin in the other continua. In Case Il the
nebula is optically thick for all ionizing continua of H and He2°0000 102 95
Case | is not realistic for NGC 6537 and we will ignore it and®0 000 120 107
concentrate on the two other cases. 350000 136 119
The results are shown in Talle 1. The observed valye off00 000 151 131
indicates a temperature of about 370 000K if Case Il is apptio0 000 176 150

cable, and about 450 000K in Case lll. This confirms that the

temperature of the star is very hot, and considering the possible

sources of error, it is consistent with the Zanstra temperati$enat the extinction of the starlight is much greater than t
found in the previous section. extinction of the nebular light. This could be done by having

small cloud of highly absorbing material around the star. Th
o material should have the property that it lets ionizing radiatia
3.3. The ionization temperature pass freely, so that the ionization of the nebula is not impedé

As a star becomes hotter it produces more highly charged igHternatively this material could be in the form of a disk place
ization states. This is the basis for computing an ionization te that it absorbs starlight in our direction but allows it to pas
perature. In fact, this is the only temperature which exists in tH&®ly in other directions, so that the nebula will be ionizeg
literature for NGC 6537. A recent computation of the ioniza2Uch a condition is not impossible: witness the dark dust la

tion temperature based on the observetf Sine is 156 000 K passing through the central regions of NGC 6302. But there
(Casassus et a1,2000). nothing to see of such anomalous extinction on the HST imag

It is not clear how reliable such an estimate of the tempéf NGC 6537. Other conditions could exist as well. The stz

ature is. ST(1986) argue quite convincingly that it is not relfould emit rad_igtion muc_h different than a_blackbody. But nor
able and will only give a lower limit to the temperature. This i8f these conditions are likely enough to ignore the possibili
based of a series of models made of nebulae with central it the star is indeed very hot.
temperatures from 40 000 K to 500 000 K. The ratio of the abun-

dance of two highly charged ions (in this caseRiENe™) was 4.2, The nature of the star

plotted against the central star temperature. As the stellar tem- o ) ]
perature increases so does this ratio, at least for temperaté¥@</PPer limit to the radius of the star can be obtained, &

below 150000 K. Above this temperature the increase of tfi§ming it radiates as a blackbody of 500000K and has
ratio levels off and may even decrease above 250 000 K. ST &y22-4- The distance to the nebula must also be known K
‘models for high excitation nebulae seem to have always berPO0rly determined. The best value is that of Gathier et
built with the lowest effective temperature compatible with th ): 2.4 kpc. Itis based on 21 cm absorption line measu
observations’. That this may also be true in the case of Casad@§41ts which show clear absorption feature from the local g
et al, appears from the fact that at a temperature of 156 00@Rd from the Sagittarius arm as well. No trace of the Scutu
the emitting star should have,m19.5. A star of this magnitude &M IS seen. The Sagittarius feature has the same optical de
would have easily been seen. Therefore it seems that the ionB&iS Seen in the spectrum of a very close background sou

tion temperature does not give a clear indication of the stelfgfthier et al conclude that NGC 6537 is at the far side of t
temperature in this case. Sagittarius arm but in front of the Scutum arm. With this dis

tance the radius of the star becomeg,R= 1.16 x 10—2R®|3.
This is what would be expected from a 0/ white dwarf
carbon-oxygen core (Hamada and Salgdeter/1961 and Suh
4.1. Uncertainty in the data and special conditions Mathews,2000). However the star probably has a substan

The only parameters which enter the determination of tq drogen atmosphere, making the carbon-oxygen core at le

Zanstra temperature are the observed stellar magnitude, the’o O{oand perhaps 40% smaller than the stellar radius. This wo
P 9 ' ?orrespond to a star of A9, to 1.0M,. For example, the

served Hb flux and the extinction. The latter is unlmportanrﬂ?dels of Blocker[(1995) show a substantially bigger atm¢
because the other two quantities are measured at almost e N . .
sphere for hot stars in this stage of stellar evolution. His hotte

same wavelength. TheHflux has been measured four times del. which h f d h
using diaphragms of about 40the same flux was measured ooc WNICH Nas a core mass o Q¥4 and reaches a tem-
ture of 400 000K, has a radiusio89 x 10~2R, on the

each time. Since a substantially brighter central star would h£/%ra

: ; 0gling curve about a factor of 20 below maximum luminos
certainly been seen in the HST measurement, we conclude t g

. Lo . ity. This is almost 50% greater than the carbon-oxygen core
no important uncertainties in the data exist.

Are there conditions which could trick us into thinking that * Model atmospheres of very hot stars computed by Rauch (unp
the Zanstra temperature is anomanously high? One possibilidfied) have been used to compute the radius

4, Discussion
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this mass. It is clear that we are dealing with an abnormaby Conclusions

high core mass central star. This result is distance dependq,rp]té visual magnitude of the central star of NGC 6537 is 22.4

if the star is closer(as several recent statistical determinati(%)rﬁainter The Zanstra temperature of the central star derived
indicate) its radius will be even smaller and the core mass evfen L . . P .
. rom this magnitude is 500 000 K or higher. The Energy Balance
higher. . . , .
method gives a temperature consistent with this value. The tem-
perature given by the degree of nebular ionization is lower, but
4.3. Evolution there is reason to believe that it is not reliable.
There is good agreement between the observations and the mod!:rom the abqve magmtude and temperature, th_e rad|us_ of
g‘gescentral star is found. Using the core mass-radius relation

els in one respect. The models predict that the higher core m h that th t be hiah bably about 1
central stars are able to reach amuch highersurfacetempera&l?eS own that the coreé mass must be high, probably abou

|
than the lower mass stars, and this is what we believe we se @' 1_'he high temperature and high core mass are consistent
NGC 6537. In another respect the models do not agree with H high mass evolutionary models except for the time of evo-
measurements in this nebula. All models predict that the evdl©n: Which mustbe atleast an order of magnitude longer than
lution occurs more quickly as the core mass increases. In pigdicted.

0.94M¢, mOdeI of Blockei(1995) th_e evolution from the Ac':'E’Acknovvledgement& I would like to thank Dr.B.Balick for his evalua-

to the white dwarf stage happens in less than 100 years. If {a of the HST measurements of NGC 6537. | would also like to thank
mass were higher the time would be shorter still. In NGC 653¥. 3.Koorneef and Dr.J.-W.Pel for discussions of the stellar magnitude,
the evolutionary time can be estimated by noting the bright shalld Dr.T.Rauch for sending me results of his model atmospheres for
of material surrounding the central star at a distance of aboute3y hot stars.

or 4’ from it. If this has always moved at about 18km/s, which
is the accepted expansion velocity of the nebula, then its a
measured from when the shell was expelled, is 2500 years. This
value is similar to other young nebulae, and gives no evidergcker, T., 1995, A&A 299, 755

for exceptionally fast evolution. There is a photograph of tHeasassus, S., Roche, P.F., Barlow, M.J., 2000, MN 314, 657
nebula taken about 85 years ago by CuUrtis(1918) for whicH4rtis, H.B., Lick Obs. Publ. 1918, XIll, 57

diameter of 5 is given. This is comparable to its present di2rake. S:A., 1983, MN 205, 15p
9 P P thier, R., Pottasch, S.R., 1988, A&A 197, 266

mens'onl.gonf'ge”r?%the grﬁat ?'ﬁ'%ud'%f of mceafwmgd'a::‘e:egg thier, R., Pottasch, S.R., Goss, W.M., 1986, A&A 157, 191
on uncaliprated pnhotograpns. In aaaituon, Curuas remarks mada, T, Salpeter, E.E., 1961, ApJ 134, 683

no central star was seen. If the central star had a temperajyig, s R., Corcoran, M., Hintzen, P. et al, 1990, in Mennesier,M.,
of 30000K 100 years ago, it would have been 10.1 magni- omont,A. eds.From Miras to PN, p.397

tudes brighter in the visible if it followed the 0.84, model Jacoby, G.H., Kaler, J.B., 1989, AJ 98, 1662

of Blocker{1995). It would thus have had a visual magnitude &bttasch, S.R., Beintema, D.B., Feibelman, W.A., 2001,(PBF)

12.3. Such a bright star would have easily been seen by Curfigite-Martinez, A., Pottasch, S.R., 1983, A&A 126, 31

who probably could have seen a star as faint as therhagni- Rowlands, N., Houck, J.R., Herter, T., 1994, ApJ 427, 867

tude. It must be concluded that the evolution of the central s@@sinska, G., Tylenda, R., 1986, A&A 155, 137(ST)

did not take place nearly as quickly as predicted by the 994 Suh I.-S., Mathews, G.J., 2000, ApJ 530, 949
model of Blocker. WOlff, M.J., Code, A.D., Groth, E.J., 2000, AJ 119, 302

erences



	Introduction
	Measurements
	Central star temperature
	Zanstra temperature
	Energy balance temperature
	The ionization temperature

	Discussion
	Uncertainty in the data and special conditions
	The nature of the star
	Evolution

	Conclusions

