
A & A 546 , A105 (2012)
DOI: 10.1051/0004-6361/201117166 
© E S O  2012

Astronomy
Astrophysics

The hypergiant HR 8752 evolving through the yellow 
evolutionary void* * *

H. N ieu w en hu ijzen 1, C. D e Jager1,2, 1. K olka3, G. Israelian4 , A . L ob el5, E. Z so ld os6 , A . M aeder7, and G. M eynet7

1 SRON Laboratory for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands 
e-mail: h .n ie u w e n h u i jz e n @ s r o n .n l ; h .n ie u w e n h u i jz e n @ x s 4 a l l .n l

2 NIO Z, R oyal N etherlands Institute for Sea Research, PO  Box 59, D en Burg, The Netherlands 
e-mail: c d e j@ k p n p la n e t .n l

3 Tartu Observatory, 61602 Tdravere, Estonia 
e-mail: in d r e k @ a a i . ee

4 Instituto de A strofísica de Canarias, via Lactea s/n, 38200 La Laguna, Tenerife, Spain 
e-mail: g i l@ i a c .e s

5 R oyal O bservatory of B elgium , R inglaan 3, 1180 Brussels, Belgium  
e-mail: a l o b e l @ s d f . l o n e s t a r . o r g ; A lex .L o b el@ o m a.b e

6 Konkoly Observatory, PO  Box 67, 1525 Budapest, Hungary 
e-mail: z so ld o s@ k o n k o ly .h u

7 O bservatoire de Genève, 1290 Sauverny, Sw itzerland 
e-mail: [A n d re . M aeder ; G e o r g e s . M eynet] @ u n ig e . ch

Received 30 A pril 2011 /  A ccepted 13 M arch 2012

ABSTRACT

Context.  We study the tim e history o f the yellow hypergiant HR 8752 based on high-resolution spectra (1973-2005), the observed 
M K  spectral classification data, B - V -  and U-observations (1918-1996) and yet earlier U-observations (1840-1918).
Aims.  Our local therm al equilibrium  analysis o f the spectra yields accurate values o f the effective tem perature (7© ), the accelera­
tion o f gravity (g). and the turbulent velocity (vt ) for 26 spectra. The standard deviations average are 82 K for TeS. 0.23 for log g. 
and 1.1 k m s -1 for vt .
Methods. A  com parison of B - V  observations, M K  spectral types, and Teg -data yields E ( B - V ) .  “intrinsic" B — V. Teg. absorption Ay. 
and the bolom etric correction BC. W ith the additional inform ation from  sim ultaneous values o f B - V .  V. and an estim ated value o f R. 
the ratio o f specific absorption to the interstellar absorption param eter E(B -  V). the “unreddened" bolom etric m agnitude /»boi.o can 
be determ ined. W ith H lPPARCOS distance m easurem ents o f H R  8752, the absolute bolom etric m agnitude Mboi.o can be determined. 
Results.  Over the period of our study, the value of Teg gradually increased during a num ber o f downw ard excursions that were ob­
servable over the period o f sufficient tim e coverage. These observations, together w ith those o f the effective acceleration g and the 
turbulent velocity vt. suggest that the star underw ent a num ber o f successive gas ejections. During each ejection, a pseudo photosphere 
was produced of increasingly sm aller g and higher vt values. A fter the dispersion into space o f the ejected shells and after the restruc­
turing of the star’s atm osphere, a hotter and m ore com pact photosphere became visible. Lrom  the B - V  and V  observations, the basic 
stellar param eters, 7© , log M/M,z„ log L / L z . and log R/Rc, are determ ined for each o f the observational points. The results show the 
variation in  these basic stellar param eters over the past near-century.
Conclusions.  We show that the atm ospheric instability  region in the H R -diagram  that we baptize the yellow evolutionary void actually 
consists o f two parts. We claim  that the present observations show that HR 8752 is presently  clim bing out o f  the “first" instability 
region and that it is on its way to stability, but in the course o f its future evolution it still has to go through the second potential unstable 
region.

Key words, stars: atm ospheres -  stars: evolution -  supergiants -  stars: m ass-loss -  stars: fundam ental param eters -  
stars: variables: S Doradus

1. Introduction

We sum m arize in this section the status o f knowledge on 
HR 8752 and the evolution of hypergiants and succinctly review 
the aims of this research.

* A ppendix A  is available in electronic form  at 
h t t p  : / / www. a a n d a . o r g
** Tables A .x and B.x are available in  electronic form  at the CDS via 

anonymous ftp to
c d s a r c . u - s t r a s b g .  f r  ( 138. 7 9 .1 2 8 . 5) or via
h t t p : / / c d s a r c . u - s t r a s b g . f r / v iz - b in / q c a t ? J / A + A / 5 4 6 /A 1 8 5 ,
and at the external site h t tp : / /w w w .a a i .e e /H R ~ 8 7 5 2

1.1. The yellow  hypergiants; H R 8752  in the literature

The star HR 8752 is a m em ber o f a group of half a dozen massive 
stars, with zero age main sequence (ZAM S) masses of 20^10 or 
even more solar masses, the yellow hypergiants. A nother well- 
studied m em ber is p  Cas (Lobel et al. 1992, 1994, 1998, 2003; 
Israelian et al. 1999; Gorlova et al. 2006). These are sites of 
heavy mass-loss, which is sometim es episodic. The individual 
stars undergo large variations in tem perature. These variations 
are the visible atmospheric manifestations of changes that are 
only sem i-coupled to the star, underlying its (pseudo-) photo­
sphere. The evolutionary changes of the underlying star have a
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tim escale that is much longer than the stability tim escale o f the 
photosphere. We associate these stars with the lum inous blue 
variables (LBVs).

The extended literature on HR 8752 shows a large variabil­
ity in the spectral classification, and colour magnitudes. An early 
review was written by De Jager (1980, p. 101-102). The histor­
ical light curve from  1840 to about 1980 is shown by Zsoldos 
(1986a), with a bibliography on what was known about the star 
at that time. The star HR 8752 is a variable with an amplitude 
of about 0.2 mag, and its light variation has a characteristic 
tim escale o f about one year. It has m ain-sequence B Í com pan­
ion (Stickland & Harm er 1978), and its circum stellar envelope 
emits therm al radio emission (Sm olinski et al. 1977; Higgs et al.
1978). An excellent spectral analysis of the star at one point in 
its changing history was published by Luck (1975). He found 
an effective tem perature of 4000 K, a log g value of about -2 , 
and a m etal abundance that seems to have Solar-System val­
ues. A  self-consistent spectrum  synthesis analysis (Fry & Aller 
1975) suggests that HR 8752 has solar-type abundances. No ev­
idence has been found of extended structures (Schuster et al. 
2003) for the yellow hypergiants p  Cas, HR 8752, HR 5171a, 
and p  Cep within 071 of the stars and, down to the Hubble 
W ide-Field Cam era ( W FPC2) noise level, at about 2 ". The satel­
lite HlPPARCOS ( with identification num ber H IP 115361) has ob­
tained colour-m agnitude data that show short tim escale variabil­
ity (Nieuwenhuijzen & De Jager 2000). Its Tycho photom etric 
data is given in the specific Tycho colour system that has yet to 
be translated to the Johnson system  for com parison purposes.

1.2. The evolution o f hypergiant stars; the yellow  
evolutionary void

The yellow hypergiants have absolute magnitudes Mboi 
around - 8  and Teff-values between 4000 K  and 8000 K. In 
the HR diagram, they are situated at the low-tem perature edge 
of an area that is virtually void of stars (Hum phreys 1978; 
for LM C and other galaxies cf. also H um phreys & Davidson
1979). A  study of the void revealed that the few stars that 
are situated inside the void are young redward-evolving objects 
(Nieuwenhuijzen & De Jager 2000). No (old) blueward evolv­
ing stars were found inside the void. It is generally assumed 
that the void is an area where blueward-evolving stars are un ­
stable (De Jager & Nieuwenhuijzen 1995; De Jager et al. 2001). 
This area of the Hertzsprung-Russell diagram  (HR-diagram) 
was baptized the yellow evolutionary void, or yellow void in 
brief. Later in this paper, we show that the void actually con­
tains two lim ited regions: log Teff «  3 .8 -3 .95  where the ioniza­
tion of H m ight give rise to a low stability o f the atmosphere, 
and log Teff «  4 .05 -4 .1  where the ionization of He plays a part. 
These separate regions lie within the general yellow void.

The position of some yellow hypergiants and the posi­
tion of HR 8752 in the H R-diagram  are given in Fig. 1, to ­
gether with evolutionary tracks (M eynet et al. 1994) for ZAMS 
m asses of 25 and 40 solar masses, respectively. The redward- 
evolving tracks are labelled “track 3” and the blueward-evolving 
“track 4” . These tracks are also indicated in the figure. The 
reason for choosing these models is that we position HR 8752 
(Nieuwenhuijzen & De Jager 2000) somewhere between the 
models o f a 25- and a 40-ZAM S solar-mass star (as given by 
the models of M eynet et al. 1994).

We call the transition region between these tracks the 
“mirror” point, this being a region between tracks 3 and 4, in 
the time after the m ain-sequence and the transition to the red
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Fig . 1. Evolutionary tracks for 25 and 40 solar m asses from  M eynet 
e t al. (1994), m odels w ith two tim es the m ass-loss rate o f De Jager 
et al. (1988). Some G alactic hypergiants including HR 8752 are ind i­
cated w ith their positions in the HR-diagram , some of them  with ob­
served changes o f  tem perature. The Hum phreys-D avidson lim it and 
the approxim ate position of the yellow  evolutionary void are indi­
cated. For each m odel, evolutionary track 3 starts at the higher tem ­
peratures and evolves redw ard until the “m irror poin t” and then returns 
to higher tem peratures as track 4. For the ZAM S 40 solar-m ass m odel, 
track 4 goes to high tem peratures, while for the ZAM S 25 solar-mass 
m odel track 4 goes to an inversion (a secondary “m irror” point) and 
thereupon goes redw ard as track 5.

supergiant phase. The effective tem perature Teff hardly changes 
during this time and large mass-losses occur.

An example of the tim escales involved: for a model of 
ZAMS mass of 25 solar m asses (M eynet et al. 1994) with a lum i­
nosity log(Z./L©) = 5.3, the time for evolution through the area 
of the yellow void corresponds to 10000 or more years, with 
an increase in tem perature of about 1000 K. W hile details differ 
for other models, it is clear that, because of the short tim e span 
involved, only few stars can be found inside the yellow evolu­
tionary void.

There may also be another reason for the existence of 
this area of “avoidance” . In an earlier paper by two of us 
(Nieuwenhuijzen & De Jager 1995), we developed a code to 
model ¿/eff-values over the HR-diagram  using stellar mass-loss 
data (from  De Jager et al. 1988) and mass data from  stellar 
evolutionary models (M aeder & M eynet 1988). For the mass, 
we differentiated the various evolutionary phases by using the 
above-m entioned tracks in a specific way (Nieuwenhuijzen & 
De Jager 1995). In the course of the above calculations, it ap­
peared that massive stars o f ZAM S masses between 20 and 
about 60 solar m asses are able to cross the HR diagram  in their 
redward evolution (track 3) unimpededly, but on their return to 
the blue (track 4, cf. Fig. 1 where tracks 3 and 4 are indicated 
for a 40 M e  and a 25 M e  m odel) they have lost so much of 
their mass that their photospheres obtain effective accelerations 
close to zero and the mean weighted value of the therm ody­
namic coefficient (T i) (defined in Eq. (1), Sect. 4.1) comes in 
a range where (T i) < 4 /3  over an appreciable part of the at­
m osphere. Such a star may then becom e unstable (not neces­
sarily dynamically, but generally, cf. M aeder 2009, Sect. 1.3.2). 
In the outer layers o f the hypergiant both below and above the 
photosphere all hydrodynam ic processes are strongly nonadia- 
batic owing to the large radiation losses. In particular, instead of 
dynam ical instability one m ay expect, for example, the strange 
m ode oscillations.
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For certain areas in the HR-diagram, that coincide with the 
position of the void, no stable solution could be derived with our 
code, indicating the (possible) presence of a density inversion. 
This explanation seems reasonable owing to the developm ent of 
the code that was defined for a m onotonically decreasing atm o­
spheric density, with scaleheights and the concept of ges  (loc. 
cit. Eqs. (6 )-(9)). A lthough the existence of a density inversion 
does not directly lead to instability (cf. M aeder 2009, Sect. 5.5.2, 
and also M aeder 1989), it m ight begin to explain the existence 
o f (massive) shells as we discuss in Sect. 6. The existence of this 
phenom enon coincides with low values of T i, which is the driv­
ing param eter in this part o f our research. The low values of Ti 
in stars such as HR 8752 result from high radiation pressure and 
partial ionization effects. In Sect. 4, we discuss this param eter 
and its values over the H R-diagram  for stellar models traversing 
the void.

1.3. A im s o f the present research

During the past two decades, we have collected a large num ­
ber of high-resolution spectra of HR 8752 to study the details of 
its evolution. It is gratifying to note that this initiative was suc­
cessful, because the study of these spectra allowed us, for the 
first time, to investigate the details o f the evolution of a hyper­
giant star during a crucial phase of its evolution. O f particular 
interest are the various episodes of mass-loss and the recovery 
afterwards. That part o f the investigation is com pleted by the in­
clusion of occasionally obtained spectra at earlier epochs.

By analysing data on colours and m agnitudes obtained in the 
past century, the tim eline of this research is extended, albeit not 
with the accuracy and details of the spectral investigations.

In the following sections of this paper, we first discuss the 
high-resolution spectra. Thereafter we deal with the colours and 
magnitudes. A fter that we consider the consequences of this in ­
vestigation for our understanding of the evolution of this partic­
ular hypergiant and the possible consequences for the evolution 
in general o f very m assive stars.

2. Spectral line investigations and their results

We now describe the analysis o f our spectra. The reason for 
starting this systematic series o f observations was that an ear­
lier study (Nieuwenhuijzen & De Jager 2000) of the time h is­
tory of this star had shown the occurrence of occasional mass 
ejections associated with lower Teff values, after which Teff in ­
creased gradually until another episode of mass-loss again led 
to another drop of Teff. This zigzag behaviour appeared to oc­
cur for Teff values in the range from  approxim ately 5000 K  to 
around 7500 K, which was reached in the year 2000. A fter this 
time, Teff increased further to ~8000 K. It was considered in­
teresting to see whether a new period of mass ejection would 
occur, and which values of the physical param eters would be es­
sential for "triggering" the ejection process. A nother question 
was whether the star would asym ptotically approach the high 
tem perature end of the void at around Teff «  9 0 0 0 -1 0  000 K.

We therefore worked on a sem i-regular basis to obtain new 
high-resolution spectra of HR 8752. Observations listed as obs5 
to obs26 w ere made at the La Palm a and Tartu Observatories 
in the period from  2000/7 to 2005/10. Table 1 lists observation 
dates and observers. We included four earlier published spec­
tra (analysed the same way) from  N ieuw enhuijzen & De Jager 
(2000) to extend the baseline and for com parison purposes. 
These are m entioned as obsl-obs4  in the above table.

To determ ine the time variation in the atmospheric param e­
ters Teff (effective tem perature), log ges  (effective acceleration),

Table 1. Observations, dates, and observers.

Observations Date JD-2 400 000 Observer
obsl 1973.08.13-17 41 911.3 Luck
obs2 1978.08.- 43 737.3 Sm olinski
obs3 1984.07.- 45 898.3 Piters
obs4 1995.04.18 49 824.3 Rutten
obs5 2000.06.06 51 702.5 Israelian
obs6 2000.10.06 51 824.4 Kolka
obs7 2000.11.27 51 876.4 Kolka
obs8 2001.01.12 51922.3 Kolka
obs9 2001.02.16 51957.3 Kolka
obslO 2001.03.30 51999 .4 Kolka
o b s l l 2001.09.25 52178 Kolka
o b sl2 2001.10.01 52 184 Israelian
o b sl3 2001.11.16 52 230.4 Kolka
o b s l4 2002.03.25 52 359.6 Kolka
o b sl5 2002.08.21 52 508.5 Kolka
o b sl6 2002.12.14 52 623.4 Kolka
o b sl7 2003.02.19 52 690.3 Kolka
o b sl8 2003.03.03 52 702.3 Kolka
o b sl9 2003.03.04 52 703.3 Kolka
obs20 2003.03.05 52 704.3 Kolka
obs21 2003.04.18 52 748.5 Kolka
obs22 2003.07.31 52 852.5 Kolka
obs23 2004.02.11 53 047.3 Kolka
obs24 2004.10.14 53 293.5 Kolka
obs25 2005.07.22 53 574 Lobel
obs26 2005.10.11 53 655.5 Kolka

and the turbulent velocity vu we analysed the data o f the differ­
ent observations in an identical manner, to ensure the resulting 
values would be consistent and accurate, though in a relative, not 
absolute sense.

The analysis o f the spectra was perform ed on an ensemble 
of m easured lines and their equivalent widths. The observational 
data were com pared to model equivalent w idths obtained by in ­
terpolating equivalent w idths in a grid of model spectra. The 
model spectra results were based on three premises: (1) the use 
of Kurucz LTE models; (2) the use of published atomic data, 
notably log (¿/ƒ  Lvalues, preferably from  N IST data (cf. refer­
ences, Sect. 2.2), and in some cases from  Kurucz line atomic data 
(cf. references, Sect. 2.2); and (3) the use of the model calcula­
tion program  SCAN, developed in SRON (SRON Laboratory for 
Space Research) in U trecht by L. Achm ad, based on an earlier 
program  Scan from  Kiel, Germany, and modified by M. Burger 
at SRON (Nieuwenhuijzen & De Jager 2000). Results derived 
by these three inputs LTE, NIST, and SCAN, have not been cali­
brated as a total package, so that the results can only be taken as 
relative in terms of accuracy.

In this paper, we use the value of the metallicity param eter 
derived in earlier analyses (cf. Luck 1975; Fry & Aller 1975; 
N ieuw enhuijzen & De Jager 2000), where it was found that 
abundances were close to the solar value. We use Kurucz stellar 
LTE models with solar abundances, thus lim iting the research to 
three unknowns, viz. Teff, log g, and vt.

2.1. Observations

Obs5 and obs25 were obtained with the SOFIN echelle spectro­
graph on the NOT, and o b sl2  with the UES on the WHT, both 
at sites in La Palma. O b s6 -o b sll, obsl3-24 , and obs26 were 
obtained at the Tartu Observatory. Four earlier published spec­
tra (Nieuwenhuijzen & De Jager 2000) are given as obsl-obs4  
(cf. Table 1).
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Table 2. Estim ated errors in the EWs.  w ith the exception o f obs4 and 
obs25.

Range E W  Error

10...30 m Â 20%
30 ...70 m A 10%
70 .,200 m A 5%
> 200 m A 2%...5%

Table 3. G rid of m odel photospheres used in  the spectral line library.

Teff (K) log g vt km  s 1
4250-6000 0 .0-2 .0 4 6 13 19
6250-7500 0 .5-2 .5 4 6 13 19
7750-8250 1.0-3.0 4 6 13 19
8500-9000 1.5-3.5 4 6 13 19
9250-9250 2.0-4 .0 4 6 13 19

The full set o f observed equivalent w idths (EW s) in units 
of m Â are available in electronic Tables A. 1.1 with colum ns for 
observations obsl-obs26, and rows for spectral lines with wave­
length (Â) and elem ent number.

2.2. Spectral lines

The spectral lines used in this research are given in Table A.2 
in the form  of wavelength, ele, ion (atomic num ber com bined 
with ionization stage), e lo (cm -l), 101og(¿//), and an accuracy 
value based on N IS T 1 data and M artin et al. (1988) publica­
tions in the form  of a letter designation A-E, corresponding to 
accuracies o f 10-50% . Lines that were unavailable from  NIST 
were taken from  Kurucz2. These data were used with an accu­
racy factor of 50%, as we did not have a critical com pendium  of 
the accuracy of these ¿//-values. We translated these figures into 
logarithm ic values and added them  as "accuracy" to the list in 
Table A.2.

2.3. Errors in observations

Errors in the observed EW s were estim ated following Table 2, 
except for obs4 and obs25. For these, a different approach was 
taken, using one m easurem ent to help determ ine the optimal 
continuum  and two m easurem ents with a 1% difference of con­
tinuum  level. M ultiplying this difference value by an estimate of 
the continuum  accuracy provides a m easure of the observational 
accuracy in EW. The errors are given in Table A. 1.2, which has 
the same structure as that for the observed EW s.

2.4. EW  data from m odels

A range of tem peratures and log g's  was encountered in the anal­
ysis o f the observations. We decided to use a grid of LTE m od­
els and for each model created a list of lines and m odelled EW s. 
Table 3 defines the model grid. The data of the models is rep­
resented by a three-dim ensional chebychev polynom ial with a 
lim ited num ber of terms N . In our case, N  = 45. A  library was

1 http ://physics.nist.gov/PhysRefData/ASD/index.html 
http : //phys ic s. ni st. gov/PhysRe ff)at a/datare f scover. html 
http://physics.nist.gov/cgi-bin/ASBibl/TransProbBib. 
cgi
2 http ://cfaku5.cfa.harvard.edu/temp 
http ://kurucz.harvard.edu/grids.html

created to contain the polynom ial term s for each observed spec­
tral line. The three-dim ensional interpolation procedure is based 
on our earlier two-dim ensional chebychev codes (De Jager et al. 
1988; cf. aiso Appendix B .l ).

Thus, the param eters in the library contain inform ation about 
EW -values over the com plete grid for each spectral line.

The m odelled EW -values for the optim al set o f param eters 
in the fitting procedure are given in Table A. 1.3, which has the 
same structure as that for the observed EW s.

2.5. A ccuracy o f EW  data from m odels

The estim ated errors in the m odelled lines take into account 
the inaccuracy of the ¿//-values underlying the model EW s. If 
the accuracy value Ag f  is known, the influence of this value 
on the m odelled EW  is found by doing calculations for g f ,  
g f  ± A g f  and taking the mean difference of the EW s as an accu­
racy estimate AEW.

The accuracies of the m odelled equivalent w idths are deter­
m ined for all the spectral lines and all models in the model grid 
(cf. Table 3). These data are then reduced to N  param eters for 
a chebychev polynom ial evaluation of AEW and added to the 
spectral line library. There are thus two separate entries in the 
library for each m odelled spectral line.

The errors in the m odelled EW -data for the optim al set o f p a­
ram eters in the fitting procedure are given in Table A. 1.4, which 
has the same structure as that for the observed EWs.

2.6. Com paring observational and  m odel EW  data

For each observation, the analysis program  com pares observed 
and m odelled EW s for all relevant spectral lines, together with a 
com bined crtotal derived from

(O'total)^ — (O 'obs/ +  A.((Xmodel)4

We always took A = 1.0. The total crtotal is given in Table A. 1.4.
Defining the "significance" as the difference EW -value d i­

vided by o~total, we give the "significance" for each spectral line 
and the optim al set of param eters in the fitting procedure in 
Table A. 1.5, which has the same structure as that for the ob­
served EWs.

W hen the significance is m ore than one standard deviation, 
this m ay be due to either an outlier or a line misidentification 
(e.g. caused by varying tem peratures when other lines appear 
to be predom inant at about the same wavelengths). We discuss 
deviations for some lines in Table A .3.

In one case, we used a correlation technique to find the mean 
wavelength shift between the observed wavelengths and m od­
elled lines in Table A.4.

To achieve "stable" results, we used a m ethod of "robust 
fitting" with a Lorentzian tail distribution to ensure that large 
deviations in x 2 only m arginally influence the fitting process 
(cf. Press et al. 1992, chap. 15.7; Vetterling et al. 1992). In this 
paper, we use the m erit function of the Lorentzian m inimization 
as a "x2" value.

2.7. Results o f analysis

The results o f the best-fit analysis are given in Table 4 and in 
Fig. 2 for log Teff, in Fig. 3 for log g, and in Fig. 4 for the turbu­
lent velocity vt (k m s-1).

We note that when log ¿/-values are extrapolated outside the 
grid of model values of Teff, log g, and vt an asterisk is given in 
Table 4 before the value of log g to indicate extrapolation.
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Table 4. Results o f LTE effective tem peratures Teg. Kurucz-log cj- 
values, and turbulent velocities vt .

Log g from o b s  1 -26

Obs JD Teg log g vt
nr -2 4 0 0  000 (K) (cm  sec-2) (km  s_1 )
obsl 41911.3 4913.7 ± 72.0 * -0 .8 8  ± 0.07 11.67 ± 1.39
obs2 43 737.3 5601.7 ± 120.7 * -0 .6 2  ± 0 .0 8 13.10 ± 0.99
obs3 45 898.3 5334.0 ± 239.4 * -0 .7 6  ± 0 .1 2 14.07 ± 1.54
obs4 49 824.3 7346.2 ± 70.6 * 0.40 ± 0.19 14.23 ± 1.20
obs5 51 702.5 7611.6 ± 69.5 * 0.55 ± 0.21 11.20 ± 1.00
obs6 51 824.4 7777.7 ± 73.3 * 0.63 ± 0.25 10.46 ± 0.98
obs7 51 876.4 7623.5 ± 61.7 * 0.56 ± 0.21 10.96 ± 0.94
obs8 51922.3 7747.1 ± 60.4 * 0.66 ± 0.21 9.75 ± 0.87
obs9 51 957.3 7812.1 ± 65.9 * 0.75 ± 0.20 10.61 ± 0.98
obslO 51 999.4 8024.9 ± 76.9 1.09 ± 0.27 11.19 ± 1.16
o b s l l 52178 7619.0 ± 5 9 .9 * 0.51 ± 0.17 9.99 ± 0.80
o b sl2 52184 7534.4 ± 67.7 0.51 ± 0.19 11.14 ± 0.97
o b sl3 52 230.4 7894.6 ± 80.9 1.02 ± 0.28 9.91 ± 0.98
o b sl4 52 359.6 7893.3 ± 83.8 1.20 ± 0.36 10.30 ± 1.09
o b sl5 52 508.5 7868.2 ± 80.4 * 0.88 ± 0.24 11.90 ± 1.09
o b stó 52 623.4 8019.2 ± 82.6 1.30 ± 0.37 11.84 ± 1.22
o b sl7 52 690.3 7639.2 ± 85.3 * 0.77 ± 0.33 9.88 ± 1.14
o b sl8 52 702.3 7576.0 ± 70.9 0.60 ± 0.22 9.57 ± 0.89
o b sl9 52 703.3 7525.1 ± 66.4 * 0.48 ± 0.21 9.49 ± 0.96
obs20 52 704.3 7550.3 ± 69.0 0.53 ± 0.22 9.43 ± 0.85
obs21 52 748.5 7894.7 ± 84.1 0.99 ± 0.26 11.95 ± 1.27
obs22 52 852.5 7909.8 ± 82.6 1.05 ± 0.25 12.46 ± 2.06
obs23 53 047.3 7942.2 ± 82.7 1.11 ± 0.31 11.15 ± 1.21
obs24 53 293.5 7998.5 ± 70.8 1.03 ± 0.23 11.22 ± 1.39
obs25 53 574 7639.0 ± 77.2 * 0.50 ± 0.24 11.19 ± 0.96
obs26 53 655.5 7907.2 ± 80.0 1.13 ± 0.26 10.00 ± 0.88

log T ff from o b s  1 -26
a s  a function of time
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Fig. 3. Results o f the fitting o f log g w ith K urucz’s LTE m odels for the 
observations obsl-obs26  as described in this paper.
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Fig. 2. R esults o f the fitting o f log Teg w ith K urucz’s LTE m odels for 
the observations obsl-obs26  as described in this paper.

3. The analysis of colour observations

We now analyse colour data. These are transform ed with stan­
dard transform ation tables and graphs into effective tem pera­
tures. A  substitute for colour observations is the data on spectral 
type (M K classification). N ot all data, especially the earlier data 
sets, are in the same photom etric system, which is a problem  that 
has to be corrected. In addition, the high interstellar reddening 
of HR 8752 dem ands inform ation on the interstellar absorption. 
A t the same time, the star itself is changing continuously in its 
various spectral param eters such as the spectral type, B - V  as 
well as in its V-magnitude. We have to determ ine the "intrinsic" 
or "unreddened" B - V  values that can be com pared with M K 
spectral types, using the Teff data. To that end, inform ation on 
the interstellar extinction param eter E ( B  -  V)  is imperative.

41000 43000 45000 47000 49000 51000 53000 55000
J D - 2 4 0 0 0 0 0 /  Year

Fig. 4. Results o f  the fitting o f vt w ith K urucz’s LTE m odels for the 
observations obsl-obs26  as described in this paper.

This section consists o f three parts: 1) We determ ine the 
value of E ( B  -  V )  from  the overview of the colour- and 
M K-inform ation below, and can then create a Teff tim e history.
2) An earlier set o f m ulti-colour observations, together with the 
synchronization of the M K-type determ ination (by interpola­
tion) leads to a separate (re)determ ination of E ( B - V )  and allows 
us to determ ine R,  the ratio o f absorption in V-colour to E ( B - V ) .
3) W hen the distance is known, we can then estimate absolute 
magnitudes.

3.1. B - V  colour, MK-, and  Tetrobserva tions

The available B - V  inform ation has been collected in a critical 
com pendium  (Table A .7) and in a com bined, ordered database of 
all observations after about 1973 (Table A.8) with author refer­
ence included for each observation. (Note: our list o f  references 
also contains the data sources w ithout any direct link in the main 
text.)

New observations are published in Table 5. This data is also 
included in Table A.8 under letter "n". D ata on some early visual 
m easurem ents is included as "early-colour", Table A.6.

In one graph, we use Tycho photom eter data (cf. 
N ieuw enhuijzen & De Jager 2000, with data on HR 8752 = 
HIP 115 361, ESA 1997) from  the HlPPARCOS satellite.
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Table 5 . B - V  Observations, period JD =2 448 813-2 449 299, Konkoly 
Observatory, Budapest. 4.0

Julian Day V B - V
2 448 813.532 5.088 0.872
2 448 853.475 5.098 0.964
2 448 859.374 5.113 0.973
2 448 897.348 5.215 1.011
2 448 904.309 5.202 1.001
2 448 936.271 5.166 1.060
2 449 005.252 5.136 0.973
2 449 006.229 5.128 0.985
2 449 254.380 5.095 0.894
2 449 266.368 5.089 0.888
2 449 289.231 5.087 0.903
2 449 290.222 5.085 0.894
2 449 292.269 5.097 0.892
2 449 299.293 5.107 0.880

Teff from MK & spectral ob servation s 18 9 6 -2 0 0 5  

obs1-26, extra T ff, early T ff (1900)-reddened

O)o

Table A .7 gives an overview of the com bined sequence of 
B - V  m easurem ents from  1942-1974, followed by the "intrin­
sic" or ( B - V )0 value of G yldenkerne (1955) for E (B - V )  = 0.70.

Table A.8 entitled "B -  V -1976-data" (B -  V) observations 
gives an overview of the V, (B -  V) m easurem ents in the p e­
riod 1976-1993 from  various authors. A  letter code gives the au­
thor reference, where the letter "n" refers to the data published 
here. The table gives the observation date, V-magnitude, (B -  V), 
followed by columns with transform ed values for (B -  V)0, 
M?boi = V + BC, spectral param eter s, log Teff, bolom etric correc­
tion BC and w/boi, using Table B.2 "calibrate-hyper", and Anally 
the author reference.

Table A.5 gives an overview of M K  data from  1919-1987 
with annotations and estim ates o f observing periods. The 
M K -data is transform ed to Teff, B - V ,  and bolom etric correction 
BC by transform s described in Table B.2. In this analysis, we 
use the continuous spectral y-parameter introduced by De Jager 
& Nieuw enhuijzen (1987). Transforms of some older spectral 
class observations to M K  are described in Table A.5. Except in 
those cases where this is indicated, the estim ated accuracy in y 
is about from  0.05 to 0.06 spectral steps in MK.

The Teff data is derived from spectral types or s-param eter 
values. For the calibrations between the various types of m ea­
surement, we refer to "calibrate-hyper" in Table B.2, which dis­
cusses the calibrations that are specific to hypergiants Ia+ or IaO.

The tem perature data in our paper also consists o f the follow­
ing four m easurem ents, two m easurem ents m ade in 1969 Sept. 7 
of Teff = 5250 + 250 K, and 1998 Aug. 4 Teff = 7900 + 200 K 
from  Israelian et al. (1999), one in 1970 (Teff = 5030 + 171 K, 
from  Schmidt 1972), and lastly an estim ate of the lowest tem per­
ature m easurem ent (Teff = 4000 + 300 K  by L uck 1975). These 
m easurem ents are indicated by an "X " symbol in Figs. 5, 6, 
and 10. The 1969 spectrum  was obtained by Smolinski at the 
D om inion Astrophysical Observatory, Victoria, Canada.

"Early-colour" observations with estim ates of Teff and B - V  
are reproduced in Table A.6. In com paring Teff, we may first 
use the estim ate of tem peratures given there. Later in the paper, 
we use the B -  V  inform ation. W ith HR 8752’s large interstellar 
absorption, the tem peratures m ay be higher than indicated when 
correcting for the shifting of colour towards the red.

The colour observations started around 1940 and are not all 
in the Johnson B - V  form at that we use as reference in this paper. 
A fter 1940, the m easurem ents were made prim arily in B - V .  
The Teff data and the data in Tables A .5-A .8  form  the basis of 
this study.

Fig. 5. Tem peratures from  Teff observations (“A"), from  M K  values 
transform ed to Teg (“B"), from  extra data (“X ") and from  tem perature 
correlation data (“C D ” form  the base tim e-line o f this study (step 1). 
For the m eaning o f the letters A -F , X  we refer to the text.

B-V, various typ es of observations  
Period 1896-2005

D: B-V
------- F: Tycho
—o - C: Early colour
—A — A: T eff->(B-V) 0
—G— B: MK->(B-V) 0
-  A - - E: (B-V)

® — A.'

Gyldenkerne 

1940 1960 2000

10000 20000 30000 40000 50000 60000
JD -24 0 0 0 0 0 / Year

Fig. 6. The equivalent or “intrinsic" B - V  transform ed from  M K- (“A"), 
Teff-observations (“B"), extra Teff-observations (“X ") (cf. Fig. 5), and 
“early-colour" B - V  correlation data (“C ” ) from  step 1 are displayed 
together w ith (from  step 2) “observed" B -  V s  for the period after 
1973 (“D"). The 1942-1974 (“E ") and Tycho data (“F") have been 
transform ed to Johnson B - V ,  and have not been “unreddened". Note 
the influence of differential absorption caused by differences betw een 
Johnson and Tycho pass bands.

Fig. 7. D etail o f left-hand p a il o f Fig. 6, com paring reddened data d i­
rectly  w ith “intrinsic" (B -  V ’s from  M K- and Teff -values.

0. A: o b s l-  obs26->log T eff
—v ~ B: MK->log T eff
- O - CTeff: early T eff (1900)-reddened->log T eff

□ Xi _4: 4 extra T eff’s  (cf. text) ->log T eff

Gyldenkerne

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

11000 22000 33000 44000
JD - 2400000/ Year

55000

0.2  -

0.0 - 1945 1950 1955 1960 1965 1970 1975

30000 32000 34000 36000 38000 40000 42000 44000
JD -2 4 0 0 0 0 0 / Year

B-V; MK & T eff ->s->(B-V) 0 period 1942-1973
B-V - (B-V) 0-> E(B-V)- A — MK&Teff—>(B-V) 0 

B-V observed 
- V -  B-V-E(B-V)-> (B-V)

shift o v e r  

E(B-V)=0.70
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Fig. 8. A s Fig. 7 for the right-hand part o f Fig. 6. Taken together with 
Fig. 7, a downw ard shift o f the reddened data over A (B — V)  yields a 
“best" data fit w ith the “intrinsic" (B -  V)’s for A(B - V )  = E(B - V )  = 
0.70 ± 0.02. This form s step 3.

3.5 
11000 22000 33000 44000

JD -2 4 0 0 0 0 0 / Year
55000

Fig. 9. The right-hand ordinate shows the AE(B -  V  )-value needed to 
obtain a constant /»boi.o = 1-86. R elatively sm all differences in E ( B - V )  
appeal' to be needed. The left-hand ordinate displays the “unreddened" 
bolom etric m agnitude given as ;»bol = V -  Av + BC,  w ith Av = R  x  
E(B -  V), for the tim efram e 1942-1996. The m ean value o f /»boi.o for 
1919-1973 seem  to cluster around a value near to /»boi.o = 1-86, while 
for 1973-1996 a larger range of values is involved. This form s step 4.

3.2. D eterm ining the in terste llar extinction E(B  -  V)

Values of E( B -  V)  in the literature for HR 8752 vary from  0.27 
to 0.82. In this paper, we try to get a direct m easure by com paring 
between the tim elines of the observed B - V  values and the TeB 
and M K  data transform ed to TeB data, and then transform  them 
to "intrinsic" B - V  values, i.e. w ithout the effects o f interstellar 
absorption.

This procedure is perform ed in the following five steps:
Step 1 : transform  M K  data to TeB; carry these over to the 

observed Teff’s from  Sect. 2, and display them  in a graph (Fig. 5). 
Transform  the various data to B - V ,  and display this in step 2 
(Fig. 6, lower line).

Step 2: add the observed B - V  data to the graph (Fig. 6, 
upper line).

Step 3: com pare the two tim e segments of the graph (Fig. 7, 
Fig. 8) and And a value for the difference A (B -  V)  such that a 
reasonable overlay is obtained.

Fig. 10. C om bination o f the tem peratures in one plot: from  B - V  cor­
rected for in terstellar extinction, from  M K  - >  Teff. from  obsl-obs26  
(Sect. 2), and from  some extra data (indicated by “JV"(JVi_4 ), cf. text). 
The tem peratures derived from  the B - V  and M K  data com bine rea­
sonably well. The tem peratures for obsl-obs2 , obs4-obs6 also seem  to 
follow  the com bined data, and the values for obs7-obs26 extend the 
data. The difference from  obs2 is relatively large. This form s step 5.

Step 4: check the m easured value by verifying the value 
of E ( B  -  V )  required at any time to obtain a constant "unred­
dened" light output w?boi,n in Fig. 9, (with known R). We com pare 
the identified value to literature values.

Step 5: correct the B  -  V  observations for interstellar absorp­
tion, transform  the now "intrinsic" values to Teff, and display 
the M K  - >  Teff, the Teff, and th e B - V -  > T eB values along one 
tim eline (Fig. 10). Com pare this w ith the "early-colour-data" TeB 
(cf. Table A.6).

The determ ination of E ( B  -  V)  is done in the first three of 
the five steps m entioned at the beginning of Sect. 3. We also 
perform  a direct determ ination from  available colour data and 
an interpolation of M K -data for observing date and discuss the 
results in steps 4 and 5.

Step 1. The tem perature data from  1896 to 2005 are pre­
sented in Fig. 5. The T eB values are given for M K -data ("B", 
cf. Table A.5), observed Teff ("A", cf. Table 4), extra Teff (“X ”), 
and the "early-colour" tem perature correlation data (“C t” , cf. 
Table A.6). The "C t"  data have to be corrected for reddening 
and are expected to be som ewhat higher than given. The “C” data 
for "early-colour", experim entally corrected for interstellar red­
dening with E ( B  -  V )  = 0.70 shows (cf. Fig. 10) a somewhat 
higher tem perature. In Fig. 5 at "B " and "A", the different types 
of tem perature m easurem ents (M K and spectral m odels) can be 
com pared. The error bars o f the two types seem to overlap at 
nearly coincident (synchronous) tim eframes, and although ob­
served Teff-values could be somewhat higher than the M K  - >  
s - >  TeB values (but for those at the time of the m inim um  around 
JD 24419000 , ~  1973), we consider the agreem ent between the 
two types as reasonable. We suggest that the tem perature is pos­
sibly log Teff = 3.65 around 1900, about log Teff = 3.68 around 
1925, and log Teff = 3.7 from  1940-1960 with dram atic changes 
between 1960-1980 and a sharp increase to log T eB = 3.9 dur­
ing 1990-2000. The m easurem ent o f G yldenkerne (Gyldenkerne 
1955, 1958; Ström gren & Gyldenkerne 1955) is incorporated 
from  B - V  - >  T eB using a 1/5 sensitivity o f influence of E ( B - V )  
with first approxim ations of E ( B  -  V), but is actually used in 
Fig. 6 as an intrinsic (B -  V)  value. It is indicated by an arrow in 
the figure.
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Table 6. Characteristics o f four types o f  variations in the observations, cf. also Figs. 6, 11, and Sect. 5.6.

Type Days/years Variation Reference Year
1 300-500  d sawtooth 1975-1995: D, F 1940-1995
2 2 -3  y sm aller episodes 1960: E, B, 1980: D, A 1960, 1980
3 20 y special episode 1973 m inim um  Teg 1965-1980
4 100 y incom plete Geyser-m odel? before 1840-1973?

>
CD

Tycho
B-V Lowess 
Tycho Lowess

1980 1985 1990

HR 8752  : B-V from 197 6 -1 9 9 3  
0 8 Tycho Photometry is uncorrected for differential reddening

0.9 

1.0 

1.1 

1.2

1.3

1.4

1.5

1.6

1.7

1.8
43000 44000 45000 46000 47000 48000 49000 50000

J D - 2 4 0 0 0 0 0 /  Year

Fig. 11. Detail o f B - V  and Tycho photom etry observations showing 
“saw -tooth" variations w ith an am plitude o f «0 .2  m, and a sequence 
tim e of a few hundred days. The difference betw een the Tycho and B - V  
m ean values is due to differential pass-band reddening; the Tycho data 
points have been obtained at sm all tim e differences and m ay indicate a 
field o f shockwaves.

In Fig. 6, the Teff values from  Fig. 5 have been transform ed 
to B - V  (lower curves) for M K -data ("B") and observed Teff, 
(“A”). From  the "early-colour" data the B -  V  correlation data are 
displayed ("C"). The "C " data have been corrected for redden­
ing; in the first instance, one could expect an excess colour that is 
near to the value of E( B -  V)  found later in this study, but this is 
uncertain. We note that the m easurem ent of G yldenkerne (1955, 
1958) lies in a reasonable position of tem perature and B - V  val­
ues, after having been corrected for an appropriate excess, cf. the 
discussion in Table A.7.

Step 2. In Fig. 6, we now add the observations from  “( B - V ) -  
1973-data" ("D", cf. Table A.8), from  "(B -  V)-  1950-data" 
("E", cf. Table A .7) and finally the (transform ed, still reddened) 
Tycho B - V  data ("F", cf. N ieuw enhuijzen & De Jager 2000). 
These data lie in the upper part of Fig. 6. The Tycho data 
has been transform ed to Johnson B - V  representation and has 
not been corrected for interstellar absorption. Some differential 
absorption is visible due to differences between Johnson- and 
Tycho passbands. The Tycho data set coincides closely in time 
with the "(B -  V)-  1973-data" ("D", cf. Table A.8). In this paper, 
we do not apply the somewhat com plex dereddening procedures 
for the Tycho data.

Leaving aside the plot nam ed "C", we characterize the "B"-, 
"A"-, and "X "-plots as indicating initially a m edium  tem pera­
ture, after which the star becom es cooler with a m inim um  around 
1973 followed by a growth toward higher tem perature in "D", 
and continuing in nearly a straight line in section "F". D ie time 
between about 1965 and 1980 m ay indicate a special episode in 
the star’s evolution (type 3, cf. Table 6 for an overview of four 
types of variations that we identify in Figs. 6 and 11).

D iere also seem to be shorter episodes around 1960 in "E" 
and "B " and around 1980 in "D " and "A" (which we indicate

as type 2). D iese deviations are possibly not the semi-regular 
“saw tooth" variations seen in Sects. "D " and "F" (type 1), but 
they seem to be larger-scale, longer-tim e duration disturbances 
that influence the atmospheric parameters. Finally, there is an 
overall structure (of changes «¡instability?) with a tim escale of 
more than a century (100 years) (type 4).

In the approach outlined below, we assume a constant 
bolom etric m agnitude to test and lim it the choices of values 
o f E ( B  -  V).  For this reason we em ploy data for which sim ul­
taneous B - V -  and V-magnitudes are available. These data are 
effectively only available in the time range 1942-1996.

Step 3. In Fig. 6, the curves "E" and "D " are at some dis­
tance from  the curves "B " and "A". For tim e-synchronous data, 
this distance defines the excess E ( B  -  V).  To get a better view, 
we com bine the data as two streams called the B  -  V  data 
(upper graphs) and "intrinsic" data (lower graphs), and split the 
tim eline into two parts (Figs. 7, 8). A  shift over E ( B  -  V) = 
0.70 ± 0.02 brings a reasonable correlation with the observed 
B - V  values over the intrinsic B - V  values. We use this lat­
ter value in our paper, but first do a test to see where there are 
differences and if  they depend on changes in bolom etric m agni­
tude over time. This value is also found when synchronization 
with interpolation is used to correct the E ( B  -  V )  published by 
Johnson (m entioned below as a direct determ ination). However, 
the difference m easurem ent given here is applicable to all avail­
able data. We from hereon use E ( B  -  V )  = 0.70 ± 0.02.

We also note the difference of about 0.15 m between the 
two data streams for the observations before 1960, the dips be­
tween 1960-1965, between 1970-1980, and the smaller bump 
(negative) difference between 1985-1995.

Step 4: Checking E ( B  -  V) in the case o f  a constant bolo­
m etric m agnitude: Here we use the concepts and values of R and 
Av developed and determ ined in the next subsection. In Fig. 9, 
we show how much variation in E( B  -  V )  is needed to obtain a 
constant value of wboi,o = V  + B C  -  Av , i.e. assuming that the 
"unreddened" light output o f the star stays constant. The energy 
output also consists of internal-, m ovement-, and perhaps other 
energies, and we wish to check the constancy o f E ( B - V )  and Av . 
It appears that only relatively small variations in A (B  -  V)  around 
E ( B  -  V)  = 0.7 are needed to obtain a constant value of wboi,o 
for the data clustering around the E ( B  -  V)  = 0.70 line. A fter a 
num ber of trials, it appears that a constant value of wboi,o = 1-86 
gives results that can be accurately com pared with our observa­
tions o f A (B -  V)  to find E ( B  -  V).

We define the "m ean" of the "early observations" during 
1950-1965 as a "m ean" reference value with which other obser­
vations should be com pared. We use this value in various places 
throughout this paper. U ieir averages can be given as V  = 5.11, 
Vo = 2.03, wboi = 4.94, and wboi,o = 1.856.

We note that the observations show a structure about the 
"m ean" line: points below the line have less or negative absorp­
tion ( Ay = R x  E( B -  V)), while points above the line have more 
absorption than the mean value. These changes indicate that 
some form  of energy interaction is taking place in the processes 
before, during and after the 1965-1980 episode. This exercise
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also shows that the derived value for (constant) E (B  -  V) is a 
useful starting point.

We conclude that the apparent changes in bolom etric m agni­
tude are due to changes in the luminosity, and that Av is to first 
approxim ation constant. We have indeed two possibilities:

1) E ither we have the colour excess decreases by 0.05 between 
1978 and 1995 with a constant lum inosity or

2) We have a constant E (B  -  V) and a variation in L.
It is unclear w hether the grain distribution and the grain sizes 
close to the star could experience enough change over that 
period of time for possibility 1) to apply. It is sim ilarly un ­
clear whether the large increase in Teff as more UV radiation 
is em itted could affect the grain properties or whether any 
difference in absorption could be caused by m atter ejection. 
For the time being, we decided to use option 2) above.

It also rem ains unclear whether m odelling of the R-ratio for the 
extrem ely large changes in the atm osphere of HR 8752 might 
not lead to some change in Av. It seems that both later types and 
higher lum inosities can correspond to higher R-ratios, as dem on­
strated by Fig. 8 o f Crawford & M andwew ala (1976), cf. also 
Table A.9.

Step 5, the last step in find ing  T ^  : determ ining the 
variation over the twentieth century. Transform ation of B -  V 
to tem perature can now be done with the "unreddened" or "in­
trinsic" (B -  V)o from  the observed B  -  V  as (B  -  V )0 = 
B - V  -  E ( B  -  V)  using the transform s in Table B.2 to trans­
form  (B -  V)o - >  s, and s - >  Teff and finding the appropriate 
errors caused by m easurem ent errors and transform ation errors. 
F igure 10 shows the equivalent tem peratures Teff transform ed 
from  B - V ,  together with T eB from  obsl-obs26, the M K  clas­
sifications, and the early-colour B - V .  Both M K- and B -  V-  
transform ed tem peratures give nearly identical tem perature in­
formation, while the star is continuously changing. The data 
obs3-obs8 show how the tem perature at the end of the B  -  V  ob­
servations rises extrem ely rapidly until the flattening out at the 
end of the observations at about log Teff =  3.9. Obs2 indicates 
a jum p in tem perature. In the plot, the early colour B  -  V  in­
formation is transform ed to tem perature using the same value of 
E ( B  -  V)  as for the other data. The tem peratures are higher than 
those m entioned in Sect. 3.1.2 and step 1 for the temperature- 
correlation data (cf. Fig. 5).

Here the position of the m easurem ent by G yldenkerne is in ­
dicated by an arrow. The four extra tem perature measurem ents 
are indicated by four blocks ("X i_4 "). The first m easurem ent is 
som ewhat high (Israelian et al. 1999), the second (Schm idt 1972) 
and fourth (Israelian et al. 1999) are in the line of the other ob­
servations, and the third (Luck 1975) shows an estim ate of the 
low temperature.

F igure 11 shows relatively large saw-tooth variations in 
B - V  observations with a m agnitude of «0 .2  m, with various 
frequency com ponents and tim e-spans. The Tycho observations 
show large variations over all m easurem ents, probably indicat­
ing shockwaves going through the stellar atmosphere. The small 
offset visible in the Tycho data is due to differential reddening of 
the differing pass bands of the Tycho photometer. The ordinate 
is inverted with respect to Figs. 6 -9  to com ply with the usual 
plots. The two Lowess curves in Fig. 11 characterize the run­
ning means for the B -  V  and the Tycho data. The term  Lowess 
refers to a m ethod for smoothing scatter plots with the help of 
robust locally weighted regression, (cf. Cleveland 1979, 1985; 
Cleveland & Devlin 1988).

3.3. D irect determ ination o f E(B  -  V) and  R-ratio

A direct m easurem ent is also available from  colour observa­
tions of HR 8752 (Johnson 1968) by com paring with an (inter­
polated) M K -spectral type, instead of using the (classic value) 
M K  type GO as a reference. To synchronize the observing 
dates for the colour and the M K -observations, we interpolate 
for the date JD  2438  300 (27 Sept. 1963) in the sequence of 
M K  m easurem ents in our Table A.5 (codes 3:-6a:) between 
JD  2 436 46 2 -2  439 080 for M K  GOIa and G3 respectively, to get 
spectral type G2. W hen com bined with the calibration data from 
Schm idt-Kaler (1982, Sect. 4.1.2.1), and the observations of 
Johnson (1966, Table 4), this leads to E (B  -  V) = 0.70+ «  0.02.

The two techniques to tim e-synchronize the different types 
of observations result in the same num ber for E( B -  V) and en­
hance our confidence in the m easured value.

Literature values: apart from  Johnson (1968), there are two 
direct determ inations of E (B  -  V), by Kron (1958) with E (B  -  
V) «  E (P  -  V) = 0.53, transform ed to E (B  -  V) = 0.58 (Fernie 
1972) and by Schmidt (1972) with E (B  -  V) = 0.66. J liis  last 
value is practically identical to the value we find here.

Another result is that with the given tim e-synchronization 
the other observed colour excesses can be redeterm ined, lead­
ing to a direct determ ination of the R-ratio, thus with known 
E( B -  V) the value of Av . D ie corrected R-ratio is R = 4 .4± « 0 .2  
(cf. Table A .9 for details o f the correction of the various colour 
excesses and the graphical determ ination of the R-ratio R).

Hence, Av = R x  E (B  -  V) = 3.08 ± 0 .16 . The "unreddened" 
visual and bolom etric magnitudes are Vo = V -  3.08 and w/boi,o = 
V + BC -  3.08, respectively.

We note that the high value for the R-ratio contrasts with the 
values of R = 3.0 to 3.1 that are usually attributed to O, B stars 
(cf. e.g. F itzpatrick & M assa 2007). There are two possible rea­
sons for this:

1) This high value (if it is true) points unam biguously to a 
non-canonical IS reddening curve along the line-of-sight to ­
wards HR 8752 whatever the reason for that (it m ay well be 
the param eters o f dust close to HR 8752). In addition, we 
note the result o f Johnson (1968) who found strong varia­
tions in the line-of-sight reddening for different regions in 
Cepheus, a result that should indeed be the topic of a sepa­
rate investigation.

2) D ie variation in the R-ratio with spectral class/ type found 
by some studies, from  com bining stellar energy fluxes for 
various spectral types with filter transm ission curves, as p re­
sented in Table A.9.

We note that the above values for R and Av are used in the pre­
vious subsection at the start o f step 4.

3.4. Absolute m agnitude

Following a redeterm ination of the distance of HR 8752 
(Van Leeuw en 2007) giving a parallax n  = 0.73 + 0.25 
(milliarcsec), distance log d  = 3.137 + 0.149 (parsec), and a 
distance modulus m -  M  = 10.685 ± 0.746, the absolute val­
ues for the "m ean" reference is My,o = -8 .6 5  ± 0.75 and 
MboW, = -8 .8 2  ± 0.75.

The spectral param eter s for the "m ean" reference is 3 = 
4.976 ± .068 corresponding to a M K  classification of F9-G0.5 
with M y  = -8 .9 ±  «  0.03. Schm idt-Kaler (1982, section 4.1.2, 
Table 13) found for the absolute m agnitudes of the M K  system 
of class IaO that F0-F8 - >  M y  = -9 .0 , GO - >  M y  = -8 .9 , 
and G2 - >  M y  = -8 .8 . We note that the "m ean" reference
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HR8752: V, M v : 1942-1996; m - M= 10.69

R=4.4, E(B-V)=0.7, parallax =0.73 milli arcsec4.5

4.6

4.7

Reference mean 
V = 5.11

5.0
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Fig. 12. The visual observed resp. absolute m agnitudes my  and My  
are given for the tim efram e 1942-1996 as one p lo t w ith two ordi­
nate values. The absolute visual m agnitude is given as “unreddened" 
My  = V - A y  -  (m -  M ), for Ay  = R  x E(B -  V)  w ith the observed 
values o f R  and E(B -  V). The m ean value of V  for 1919-1973 appeal's 
to cluster around a value near V = 5.1 and is indicated by a line at the 
left lower side o f the figure.

we indicate here is thus com patible with a M K  value of M K  «  
GO -  Ia0± ~ 0.7 spectral step.

For the Galactic supergiant HR 8752, M antegazza (1988, 
1991, 1992, Eq. (4) resp. Eq. (5)) gives absolute visual m ag­
nitudes of M y  = -8 .8 7  ± 0.53 and M y  = -9 .0 4  ± 0.34. The 
M K  spectral class of F7-Ia0 was m easured on September 
22, 1987, while the CP-indices were m easured over 
Decem ber 15-18, 1987, to ensure that tim e synchroniza­
tion between the spectral type and CP-index has been achieved. 
This spectral class is also near to that o f the "m ean" reference 
given above, so that a near com parison can be made.

W ithin the m easurem ent errors, the different observations are 
both consistent with each other and with the data o f the M K  ref­
erence system for the lum inosity class IaO. This enhances the 
confidence in the com bination of values found for E (B  -  V), R, 
A y ,  and distance m odulus m -  M.

We note that it is possible the lum inosity given by our value 
for M y  is somewhat low. The M y -value depends directly on the 
value of the the "m ean" reference o f the "early observations" 
from  1950-1965 as defined earlier and m ay depend on how that 
was derived. We tried to find a m eaningful value for the absolute 
magnitudes when the star varies strongly in time, and other pro­
cesses exist that use or give extra energy in the tim e line of the 
star.

3.5. Extending the V-coverage back to 1840

In Fig. 12, we give the values of the visual- and visual ab­
solute m agnitude as a function of time, during the tim eframe 
1942-1996.

Extending the 1942-1996 E-data backwards in tim e with 
data from  Zsoldos (1986a, Table I) and adding three data points 
from  the literature (cf. end of Table A .5) leads to Fig. 13. The 
"m ean" reference value (Sect. 3, step 4) for V  is indicated 
by short horizontal lines within the period 1942-1996 in both 
Figs. 12 and 13. It seems that the process time for the indicated 
changing situation is longer than the tim e of the record, more 
than 150 years.

The V-observations indicate a visual brightness growing 
from  below V  ~  6 to around V  ~  5.1 in some 60 years. It seems

H R 8752: V in p e r io d -1 8 4 0 -1 9 9 6
4.5

4.7

4.9

5.3 

>  5.5
Reference mean 

V = 5.1
5.7

V in period 1942-1996
V in period 1860-19305.9

6.3 1840 1860 1880 1900 1920 1940 1960 1980 2000

6.5
-10000 0 10000 20000 30000 40000 50000 60000

J D - 2 400000 / Year

Fig. 13. Long tim e visual m agnitude as a function of tim e, in the tim e­
fram e 1840-1996. The "mean" reference value (Sect. 3, step 4) for V  is 
indicated by a short horizontal line w ithin the period 1942-1996.

that before 1840 the star was invisible to the naked eye. We quote 
from  Zsoldos (1986a): "It is interesting that HR 8752 is not in ­
cluded in several catalogues com piled m ainly before 1850. The 
star has neither a Flam steed number, nor a Bayer letter. It is not 
in the catalogues of Piazzi or Baily. Several reasons can be m en­
tioned to explain why the star is not in these catalogues: (i) the 
star was fainter than 6 m  Bearing in m ind Fig. 1, I sug­
gest that the m ost likely explanation is the first possibility". This 
implies that the star was fainter than the sixth magnitude.

Are these variations due to a form  of T i -instability? We carry 
this question forward to the next section.

The main conclusions of this section can be sum m arized as:

1) We have derived a tim e-history of Teff (cf. Fig. 10) that allows 
us to determine:

2) Four different tim escales (cf. Table 6) identified and dis­
cussed in Sect. 5.6.

3) That m easurem ents E (B  -  V), R, and Av can help us to 
m easure absolute m agnitudes for a subset o f the data (cf. 
Sects. 5.2 and 6).

4. Atmospheric (in)stability and the yellow 
evolutionary void

To understand the evolutionary scenario of HR 8752 and other 
hypergiants, we start from  models o f M eynet et al. (1994), which 
form part o f a series o f evolutionary models with different au­
thors. In the following, we use unpublished evolutionary data 
from one of us (GM ) and models from  M eynet et al. (1994) 
with rates o f mass-loss tw ice as high as the mass-loss given in 
De Jager et al. (1988). The factor o f two m ay seem arbitrary 
but was taken to achieve the best mean time fit o f models com ­
pared to observations. The mean tim e fit is the average of the 
total mass-loss, hence includes "regular" mass-loss during "sta­
ble" periods of mass-loss and periods of massive loss o f mass 
during a tim e of "instability".

We note that this "instability" mass-loss occurs during the 
evolution of the models along track 4, and not along track 3. The 
text below  refers to track 4 unless otherwise indicated.

We now em pirically check the condition (3 Ti -  4 ) < 0 for 
a stellar model traversing the region of the yellow evolutionary 
void. As an example for this study, we take the M eynet et al. 
(1994) model m040e020 that gives L, Teff, m ass, and m ass-loss  
as a function of age to find the physical param eters including T i
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Fig. 14. In the atm osphere, the factor (3Fi -  4) < 0 can give rise to dy­
nam ical instability (cf. Ledoux 1958, 1965 ) when this factor is negative. 
Using data from  M eynet m odels (M eynet e t al. 1994, and priv. comm. 
1997) and code from  N ieuw enhuijzen & De Jager (1995), the value 
of Ti during the evolution of m 040e020 is calculated for t r oss = 2 /3  
(at the “radius" o f the star) and plotted against effective tem perature, 
using the same direction as shown in the HR-diagram . The dynam ical 
instability  lim it is indicated: Ti values below this lim it can give rise to 
dynam ical instability if  the layer where this value is negative is “large" 
enough (Ledoux 1958, 1965).

M eynet m odel m 0 4 0 e 0 2 0 , detail o f Track 4
1.55 Tj in blueward evolution , xR = .666
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IT < 4 /31.25
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Fig. 15. D etail o f Fig. 14 w ith a loop in the evolutionary com puta­
tions. These diagram s show Ti as a function of increasing tem perature 
(evolution goes here from  right to left. Figure 14 can be com pared with 
the area o f the yellow  evolutionary void in Fig. 1.

at an optical depth of r Ross = 2 /3  (the stellar radius) and lower 
values down to r Ross = 0.03. We use a code by Nieuwenhuijzen 
& De Jager (1995) based on statistical data o f the shock strength 
given in that paper and N ieuw enhuijzen et al. (1994). The code 
for the different forms of T i is taken from  Lobel et al. (1992) and 
Lobel (2001). The influence of non-LTE effects on (Ti) are d is­
cussed in Lobel (2001, where <Ti) is defined in Eq. (68)). We use 
L obel’s definition in our Sect. 4.1, Eq. (1). A tm osphere models 
of yellow hypergiants with Teff between 6500 K  and 7500 K  have 
deep (Ti) m inim a below  4/3 over a large fraction of the atm o­
sphere, which strongly diminish their overall dynam ic stability.

For the model m 040e020, we show in Fig. 14 the variation 
in Ti as a function of tem perature, and in Fig. 15 a detail of 
a loop returning from  lo g T eff = 4.08 to 3.98, and then return­
ing unim peded to higher tem peratures, and in Fig. 16, from  the

>
o>
o
if)

Ü)o

4.2 4.1 4.0

lo9 T eff

Fig. 16. Various accelerations in the atm osphere for the same m odel and 
their resulting geff. In general, glad and </grav are very close to each other, 
and around log Teg = 4.3 the value o f gmd is even som ewhat larger 
than ÿgrav. the w ind growing to com pensate. We note the onset o f the 
w ind at low tem peratures.

(above) acceleration model calculations, the acceleration param ­
eters «/gray. (/rad. i/shock, i/wind, and (/eff. for newton-, radiative-, 
shock-, wind-, and effective-acceleration, respectively, together 
with the ratio o f wind velocity nwi„d to sound velocity vs. In these 
three graphs, the tem perature is not an unam biguous function of 
time, as can be seen for the "loop" in Figs. 14 and 15 and the 
"loop" for gfwind in Fig. 16.

The param eter Ti is presented in three forms: LTE 
with Pmd = 0, LTE with Pmd, and NLTE. There is no differ­
ence between LTE with Pmd and NLTE for r Ross = 2 /3 . The 
curve for Pmd = 0 is visually more pronounced and gives a good 
insight into the possible area of instability where Ti may be less 
than 4/3. The values of Ti for Pmd = 0 at lower r Ross values do 
not deviate m uch from  the value at r Ross = 2 /3 . This m ay indi­
cate that the values found at small r Ross values largely describe 
the whole atm osphere from  r Ross = 2 /3  to at least r Ross = .03. 
A round lo g T eff «  3.88, the difference using Pmd or NLTE is 
indicated by a much smaller Teff interval in which Ti shows 
larger changes. Here a smaller area of more intense instabil­
ity is indicated. In another dip at lo g T eff «  4.1 it is to be ex­
pected that T i for NLTE will decrease significantly below 4/3 at 
higher r Ross-values, going inwards into the stellar atmosphere. 
The w ind starts at lower tem peratures o f about log Teff «  3.8.

In the graphs, the dynam ical-stability-value of Ti = 4 /3  is 
indicated by a horizontal line. Points below that line indicate an 
"unstable" region, i.e. where mass movements do not oscillate 
about some stable point but m ight break up (cf. K ippenhahn & 
W eigert 1994).

A  com parison of Fig. 1 (Sect. 2) and Fig. 14 shows that 
the indicated areas of possible instability o f Ti seem  to coin­
cide with the outer edge of the yellow evolutionary void in the 
HR-diagram  and that there are two smaller regions within the 
general area of the void, corresponding to H-ionization, and 
to He-ionization, respectively, that appear to show instability. 
We will tentatively call these the first yellow void (or yellow 
void I in short) and the second yellow void (or yellow void II), 
respectively.

We also note that the red limit o f the "total" yellow void 
also corresponds to a m ajor change in the convective regime, 
i.e. the convective velocities reach sonic values, cf. i.e. Fig. 16, 
M aeder (2009, p. 107). Both the turbulent pressure and acoustic
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flux becom e high below this lim it and give rise to the "De Jager 
Lim it" for which we refer to De Jager (1984) and M aeder (2009, 
Sect. 5.53, and p. 107).

To sum m arize the above, evolutionary codes from M eynet 
et al. (1994) indicate that for the m odelled stars, the timescales 
involved for Teff to evolve from  5000 K  to 8000 K, are as short 
as some 10000 years or slightly m ore. For dynam ical models of 
stellar evolution (i.e. including the acceleration term  in the equa­
tion of motion), this usually corresponds to shorter timescales 
(by at least a factor o f two) than hydrostatic models, where 
the 10 000 yr value m ight be an upper bound. It is plausible that 
the underlying star continues its regular evolutionary processes, 
but that the atm osphere undergoes episodic mass-loss (for ex­
am ple in the earlier history of HR 8752), causing from  time to 
time the star to produce a pseudo photosphere with a different 
tem perature from  that o f a stable atmosphere, i.e. a lower tem ­
perature, because more mass surrounds the star in a circumstel- 
lar envelope than in a stable situation. W hen the pseudo photo­
sphere disperses, the effective tem perature increases again (to a 
m axim um  tem perature that is associated with the evolutionary 
scenario), until a com bination of the critical atmospheric stabil­
ity param eters again results in a condition of instability in the 
atmosphere, after which another episode of mass-loss m ay oc­
cur. D iese processes are expected to continue until the balance 
of the "atm ospheric" accelerations results in a slightly positive 
effective gravity geB, allowing the atm osphere to regain stability. 
It is expected (Nieuwenhuijzen & De Jager 1995) that in the con­
tinuation of its evolution the star will becom e increasingly sta­
ble, until it arrives in the second area of instability, where again 
stellar instability and/or severe mass-loss m ay occur, before con­
tinuing on its further (possibly com plex) evolutionary path (cf. 
Stothers & Chin 1995).

4 .1. Evolutionary considerations, the case fo r F2

We wish to com pare actual evolutionary models o f 25 -60  M e 
against values of T i varying over the H R-diagram  for a lum inos­
ity range in the case of the hypergiants o f log (Z./L©) = 5 .2 -5 .8 .

To find the variations in T i, we apply the same procedure 
as for the specific stellar model to the whole upper part of the 
H R-diagram  by m aking use of statistical data on mass and mass- 
loss to obtain a grid over the H R-diagram  of possible stellar 
evolution data. The mass-loss data is taken from  our com pila­
tion of rates o f mass-loss (De Jager et al. 1988). D ie stellar 
mass M  at any point in the evolutionary tracks is found from 
the results of evolutionary calculations by M aeder & M eynet 
(1987, 1988) with the aid of a com puter program  described by 
us (Nieuwenhuijzen & De Jager 1990). The code for Ti is taken 
from  Lobel et aí. (1992) and Lobel (2001).

In Figs. 17 and 18 we present the contour diagram s for the 
weighted mean (T i) as given by Eq. (1) between r Ross = 2 /3  
and r Ross = 0.03 for tracks 3 and 4, respectively. Since the 
LTE Pmd = 0 calculations seem to give the clearest indications 
of the position of the instability regions, we restrict the display to 
these values. Contour levels are indicated for (T i) = 1 .10-1 .40  
to bracket the "edge" of the stability with (Ti) = 4 /3 . A lthough 
we are unable to distinguish a "trigger" point for instability, we 
do indicate the general region where instability can be expected.

It is interesting to see the m arked differences between the 
evolutionary tracks 3 and 4, especially when we project ex­
amples of the models that have also been used in Fig. 1 for 
ZAM S m asses of 25, 40, and 60 solar m asses onto the back­
ground grid with contour lines for (T i). We note that in Fig. 18 
for model m 025e020 the backw ard loop described in Fig. 1
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Fig. 17. Evolutionary m odel tracks for ZAM S m asses o f 25, 40, 
and 60 solar m asses (M eynet e t al. 1994) are superim posed on a back­
ground grid w ith values o f T i, as described in  the text. Tj is given for 
the full calculation, no radiation, and follow ing Lobel e t al. (1992) and 
Lobel (2001 ). The graph should be considered w ith the lower parts o f 
the evolutionary tracks (track 3).

Fig. 18. A s Fig. 17, but now for track 4. The graph should be considered 
w ith the upper parts o f the evolutionary tracks (track 4).

of Sect. 1 is not separately indicated. The models are those of 
M eynet et al. (1994) with mass-loss twice the value of the mass- 
loss given by De Jager et al. (1988). There is one point o f cau­
tion: the m asses used to determ ine the background grid for r 2 
are those of M aeder & M eynet (1987, 1988), while the Ti for 
the evolution traces is based on the m asses of the newer M eynet 
et al. (1994) models. A lthough details m ight differ, the general 
overview is expected to reasonably show the influence of {Ti ) 
over the specified part o f the HR-diagram.

With a total pressure Pt = Pgas + Pmd, P r  the density of 
the outerm ost atmospheric layer, and p„ the density at the base 
of the stellar envelope, the w eighted mean (T i), according to 
Lobel (2001, Eq. (68), and using his notation for the integration 
limits)

(Tj) = ƒ p T ^ P J p f d t ü p /  ƒ p(P t/p )d \ü p  (1)
P r  P r

is an average value over the stellar mass with a weighting that 
depends on the density of internal energy (e.g. M aeder 2009). 
In our case, we use p R = p TRoss = om  and p , = P r Ross= 2/3 as

< r x> , T rack3 , xR = 0.67-0.03 
Lower part evolution lines =Track3

< r x> , T rack4 , xR = 0.67-0.03 
Upper part evolution lines =Track4

I—z
< I \>  = 1.10

1 1 < r j>  = 1.20
1 1 <Fj>  = 1.30
1 1 < i \>  = 1.40

A m 060e020
—□ — m 040e020

m 025e020
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integration limits. We approxim ate the integral by the weighted 
m ean of T i o f the two given values of r Ross. This value indicates 
where part o f the atm osphere m ay becom e instable, but does not 
give us a num ber that indicates instability. We do not enter here 
into a discussion of all the stabilizing and destabilizing effects 
that occur in the stellar atmospheres, such as those m entioned in 
M aeder (2009, Eq. (15.70), and Fig. 15.4), but only note that the 
regions indicated by the (Ti ) depressions are uncertain regions in 
which unstable actions m ight change atmospheric structures and 
create regions of excess energy that can be used after a smaller 
trigger has been created to possibly create large changes in the 
atmospheric structure.

4.2. Evolutionary tracks 3 and  4

W hile the general contours in Figs. 17 and 18 differ somewhat 
for tracks 3 and 4, the values for the T i param eter are much the 
same in the corresponding "instability" regions.

We now consider the indicated models for the given 
ZAMS m asses and initiate the evolutionary track 3 in a red­
ward direction (losing mass w ithout encountering instabilities, 
see above) and going through the "m irror" point, changing di­
rection to blueward at track 4 (where extra mass is lost while 
encountering instabilities), until some high tem perature where 
we stop. We com m ent only on model m 025e020, although for 
the other models analogous com m ents can be made. In Fig. 17 
(for track 3), the 25 M e model starts around log T  = 4.25, 
glides along its path, crosses lo g T  = 4.0, 3.9, 3.8, arrives at 
the "m irror point" at log T  = 3.75, rem ains there for some time, 
and thereafter starts on its blueward track 4, for which we now 
move to the appropriate Fig. 18. Here the star evolves in smaller 
(com putational) tem perature steps lo g T  = 3.8, 3.81, 3.82... In 
the meantime, (T i) has fallen from  (T i) = 1.60, to 1.50, 1.40, 
and 1.30, approaching 1.20. There is then a jum p in the com pu­
tations to higher temperatures.

The 40- and 60-solar-mass models show the same general 
behaviour. Figure 18 (track 4) shows that whole jum ps can oc­
cur in the models, thus the star moves through the first yel­
low evolutionary void (H-ionization), passes onto tem porary sta­
bility and then passes through the second yellow evolutionary 
void (He-ionization). M odels with higher ZAM S masses (e.g. 
m 080e020) do not extend to such low tem peratures but rem ain 
at tem peratures higher than log T  s; 4.1, 4.2. These models have 
not been included in Figs. 17 and 18.

A lthough the differences in T i between tracks 3 and 4 do not 
seem to be large, the difference in mass is large: the 40 solar- 
mass (ZAM S) star at the start o f track 4 has about 32 solar 
masses, while the instabilities take place at about 21 -20  solar 
m asses (cf. Fig. 21). The 25 solar-mass star has a sim ilar be­
haviour with lower m asses of 22 and 13-11 solar masses, re ­
spectively (cf. Fig. 22). D uring the evolution the different masses 
m ay well give rise to different structures o f the stellar atm o­
sphere for tracks 3 and 4. In the course of this paper, we estimate 
actual- and ZAM S masses for HR 8752 in Sect. 5.

We conclude that the determ ination of low (Ti) values by it­
self is an insufficient explanation of the "instability" that we dis­
cuss here, but that the com bination of low (Ti) and appropriate 
low values of mass m ay lead to the start o f such an "instability" 
process. The conclusion that not only the adiabatic exponent Ti 
is im portant but also the mass is quite interesting, because the 
layers below the formal photosphere also play a role in the in ­
stability. However, apart from  the aforem entioned data from  the 
evolutionary models, we study no data range within which these

phenom ena do exist. We also refer to the influence of various 
tim escales in Sect. 5.

W hat happens when a star moves through an H-ionization 
region where (T i) gets smaller than 4/3? In Fig. 14, we present 
the evolution of one of the M eynet models to reach a value of T i 
at r Ross = 0.666, which is also representative of most outer lay­
ers, that lies below the critical value of (T i) = 4 /3 . Here, the 
time increases from  right to left. The model shows the blueward 
evolution after the red/blue "m irror" point, where the star goes to 
higher tem peratures. The value of Ti in the atm osphere reaches 
the critical lim it o f instability at around log Teff = 3.78, but per­
haps only locally in a small region. It would be interesting to 
know the fractional mass (AM /M )  (cf. Sects. 5.5, 6.1, 6.3) when 
smaller or larger events arise. Perhaps a large part of the whole 
star with (AM /M )  »  1 may becom e critical and result in a sig­
nificant event such as the "1973" event. We can discern in the 
acceleration graph (Fig. 16) an "instability" (a peak) in the wind 
acceleration occurring around log Teff = 3.80 which m ay indi­
cate some form  of "instability" over a large part o f the atm o­
sphere as given in Fig. 23 as step I or II.

4.3. The “G eyser m odel”

From  other data, we know that HR 8752 underw ent an episode in 
about 1973 during which it ejected a large am ount o f mass, had a 
large diameter, and a low temperature. We m ay speculate about 
w hy massive stars eject substantial amounts o f mass when insta­
bility is met. This m ay be related to the therm al tim escale ftherm 
in supergiants being shorter than the dynam ical tim escale tdyn, 
while the opposite is true in interm ediate and low mass stars. 
If  ftherm < Uyn, this means that after the dynam ical ejection of 
some of the outer layers (e.g. when Ti < 4 /3 ), any therm al in ­
stability associated with the ionisation peak, or either the supra- 
Eddington or supra-De Jager layers, will be able to move very 
rapidly inwards to contribute to the further ejection of matter 
from deeper layers, causing large eruptions. This is the basic 
idea of the so-called "Geyser m odel" (M aeder 1989, 1991).

Lobel et al. (2003) proposed a m echanism  to explain the 
recurrent outbursts in p  Cas due to an avalanche of hydro­
gen recom bination releasing the ionization energy and driving 
a global eruption of its atm osphere observed in 2000-2001. 
D ie hydrogen-recom bination m echanism  predicts an outburst 
tim escale o f 221 days over which the radius R of p  Cas tem ­
porarily increased by a factor of ~2.5.

For HR 8752, the im m ediate result o f the 1973 event was that 
the star contracted, the effective tem perature rose and the star u l­
tim ately changed into a hotter star w ith a smaller radius. D ie 
am plitude of the Teff increase is directly related to the am ount of 
mass ejected in the eruption, as suggested by sim ulations of sud­
den mass ejections (M aeder 1989, 1991). A fter that, the star re­
sumes its secular evolution and recovers the Teff it had just before 
the eruption, with a tim escale that depends on its mass. However, 
the models indicate (cf. Sect. 5.7, Fig. 23) that the star resum es 
its secular evolution with a small step towards higher evolution­
ary temperatures. It m ay then again either m eet the instability 
and experience another eruption or be part o f and start a more 
com plex cycle. U iis eruptive cycle m ay only stop at the time of 
the supernova explosion, unless the totality o f the hydrogen-rich 
layers is ejected before.

4.4. Conclusions o f this section

A significant observation arises from  Fig. 14, viz. that the in ­
stability region that we originally called the yellow evolutionary
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void, actually consists of two separate instability regions, one 
for 3.8 < log TeB < 3.95 and another at higher tem pera­
tures 4.05 < log TeB < 4.15, which we call yellow evolution­
ary void I and II, or yellow void I and II, respectively. We also 
found that the void is traversed in a cosm ologically short time, 
which explains why practically no stars are found in that part of 
the HR-diagram.

5. HR 8752: (Hyper-)giant steps in evolution?

We plot stellar param eters as a function of time: tem perature T, 
lum inosity L, radius R, and mass M , and com pare dynam ical and 
therm al tim escales with observed variations, and Anally com pare 
wind-driven mass-loss from  evolution models with observed 
high  mass-loss caused by cycles possibly of the T i -Geyser p ro­
cess. Is this last process more efficient in losing mass than the 
classical wind-driven mass-loss?

To help us ascertain where the observed hypergiant m ay then 
be situated on its evolutionary path we introduce the concept of 
evolutionary tem perature as opposed to that o f the atmospheric 
temperature.

5 .1. A tm ospheric and  evolutionary tem peratures

We display TeB in Fig. 10 (cf. Sect. 3) as a function of time. We 
now define the evolutionaiy  tem perature (which we call Teiue) 
as the highest observed tem perature that would exist in blue- 
wards evolving hypergiants which is identical to the tem pera­
ture of the evolution model and unaffected by any changes to 
lower tem peratures in the atm osphere of the evolving star. A 
well-determ ined Taiue can help us to determ ine where the star 
is situated in the model scenario. For hypergiants, the atm o­
spheric and evolutionary tem peratures m ay be quite different, 
and we should not use the varying atmospheric tem peratures to 
find masses from  selected tracks in evolution models.

F igure 10 shows that while a long period of nearly constant 
tem perature lies around log TeB = 3.7, there is a cluster o f points 
around log TeB = 3.73 and finally at the end of the record a clus­
ter o f points around log TeB = 3.90. We equate this m axim um  
tem perature to the evolutionaiy  tem perature of log Taiue = 3.90 
for HR 8752 as a best (or minim um ) estimate.

5.2. Lum inosity L

The value logL  is shown in Fig. 19 as a function of tim e using 
logL  = O.4(Mboi,0-Mboi,star) with Mboi.o = 4.64 (Schm idt-Kaler 
1982, Sect. 4.1.5.1). In the figure, the lum inosity increases 
from  log iL /L o)  »  5.4, to log( L/ Le ) = 5.6, and then reduces 
to logfL /Lo) ~  5.3. There seems to be an overshoot, after which 
the lum inosity seems to stabilize at ~ \og(L IL e ) ~  5.33. The 
tem porary ovcrlum inosity m ay result from  the therm al radia­
tion of internal energy that com es free in that part of the pro­
cess (cf. therm al tim escale below). During a more stable part 
of the process, when no large therm al tim escale variations are 
visible, the lum inosity is expected to be equal to the classical lu ­
m inosity value. The "m ean" reference value (cf. Sect. 3, step 4) 
of log(L /Lo) = 5.384 + .296 is expected to be a classical value 
of lum inosity and neither over- nor under-lum inous, and to be 
valid for a short time before the episode of ~  1965-1980. We 
designate this point with the code L Í for later use. If  the over­
shoot were real, it could mean that the values at the end of the 
observational record define a new "stable" point o f lum inosity 
after the "event" around the year 1973. We designate this point

log L/ L for period 1942-1996
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Fig. 19. Log (L/Lq) as a function of time, timeframe 1942-1996.
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Fig. 20. Log (R/Rq) as a function of time in the timeframe 1942-1996.

log T0ff, log L/ L sun as a function of the actual

mass, model m040e020 (Meynet et al. 1994)
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Fig. 21. Log Teff and log L /L 0 as a function o f the actual m ass for 
m odel m 040e020 (M eynet e t al. 1994), track4, w ith a horizontal line 
at log r eff = 3.90.

with the code L3 for later com parison with point L Í . We note 
however the variation around the year 1980, which we desig­
nate L2. This point m ight signal the end of the shell ejection. 
The m axim um  observed bolom etric lum inosity Lm  is indicated 
in Figs. 19 and 24.
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log Teff, log L/Li as a function of the actual

mass, model m025e020 (Meynet et al. 1994)
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Fig.22. A s Fig. 21 but now for m odel m 025e020 (M eynet e t al. 1994), 
track4, w ith again a horizontal line at log r eff = 3.90.

Table 7. A ctual m ass, luminosity, and calculation step for the indicated 
m odel and log Tßiue = 3.90.

4ÍZAMS log Tßlue ;'f/:iclll:i log L /La M odel Step
40 3.903 19.60 5.775 m 040e020 #2591
25 3.904 10.83 5.319 m 025e020 #1291

5.3. Radius R

The value of log R  is shown in Fig. 20 as a function of time us­
ing L = 4nR 2o-T^B written as lo g R /R Q = -0 .2 0 M boi-21og  Teff + 
8.47 (Schm idt-Kaler 1982, Sect. 4.1.5.2). From  a quasi­
equilibrium  situation, with deviations of +0.02, the radius ap­
pears to increase slowly from  log( R/ R&) = 2.82 (in 1950-1965) 
to log(R/ R&) ~  2.95 after the episode (1965-1980), and then d i­
minish relatively rapidly to log( R/ R&) ~  2.59. The total visible 
change in the radius itself is by more than a factor of two. Here 
a small overshoot (cf. Lum inosity  above) to a more stable situa­
tion is also apparent. The num bering of the R-codes indicate the 
same observing points as the L-codes.

We presum e that the time constants in the atmospheric p ro­
cesses allow the radius R  to follow the changes in Teff and L, so 
that the overshoot seems to be a real phenom enon.

Fig. 23. lo g T eff and log L /L 0 as a function o f the actual m ass for 
m odel m 040e020 (M eynet e t al. 1994), in greater detail than Fig. 21.
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Fig. 24. Linear p lo t o f lum inosity o f HR 8752 in the tim efram e 
1942-1996, w ith integration lines.

The conclusion that the total lum inosity varies so widely, if 
true, is a major result, that in the future would require a physi­
cal explanation. It rem ains unclear, however, which changes in 
the com position and opacities occur in the outer layers (cf. com ­
ments in Sect. 3, step 4 for two possible interpretation routes).

5.4. M ass M

The stellar m ass M  is the basic stellar parameter. We try to de­
term ine the actual mass of HR 8752 using the mass-lum inosity 
relation developed below together with a value of the evolution­
ary tem perature TBiue. The relation is valid only when the lum i­
nosity values are stable, so that with the variations in lum inosity 
observed in HR 8752, we can only get apparent masses, but we 
hope to And points where the lum inosity can be taken as a m ea­
sure of a stable situation, leading to an assessm ent o f real actual 
mass.

We do not present a graph of the apparent mass, but only de­
fine two observational points at which the lum inosity is ~stable, 
and that can help us to estimate the am ount o f mass lost in the 
"1973" event o f photospheric ejection.

From  the M eynet et al. 1994 evolutionary models m040e020 
and m 025e020 (cf. Sect. 4), we derive the following lim ited 
m ass-lum inosity relation. Figures 21 and 22 show the tem pera­
ture and lum inosity as a function of (diminishing) mass for these 
models with ZAM S m asses of 40 and 25 M©. We lim it ourselves 
to the red supergiant evolution going bluewards from  the "m ir­
ror" point (track 4). For our analysis o f HR 8752, we lim it our­
selves to the tem perature log r Biue = 3.90.

W here the horizontal line at log TeS = 3.90 in Figs. 21 and 22 
crosses the tem perature plot, the axis indicates the value of the 
actual mass for both the 40 solar mass and 25 M© ZAM S models. 
W here the vertical line through this mass point crosses the lum i­
nosity graph, we find that the lum inosity agrees with the given 
tem perature and derived mass. The respective values of the 40 
solar mass and 25 M© ZAM S models are collected in Table 7, its 
third and fourth columns.

With these data, we construct a m ass-lum inosity relation for 
a hypergiant in track 4 lim ited to a given evolution temperature, 
the coefficients o f which are given in Table 8 for mass as a func­
tion of (observed) luminosity. The relation has been derived for 
hypergiants evolving along track 4 with ZAM S m asses in the 
range 25—40 M©. It is this relation that we use to derive actual 
masses and also the original ZAMS mass of the hypergiant.

CD
I-
o '3,9 5 .710 )

l o 9  U s u n

' ° g T Bff

.0 20 .8  20 .6  20 .4  20 .2  20 .0  19.8 19.6 19.4 19.2 19.0

log Teff, log L/ L sun as a function of the actual 

mass, model m040e020 (Meynet et al. 1994)
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Table 8. Interpolation coefficients for “actual" and ZAM S m asses 
log M I Ma = a + b x  (log L /L 0 ) for log r BiUe = 3.90.

C oeff For log Mactml/Mq For log MZAMS/Mq 
a -1 .9 3 7 3  -0 .9628
b 0.5587 0.4437

Table 9. Basic stellar' param eters for special points in tim e (values and 
logarithm ic values).

Point log L log R log M  fdyn f,heml
units L0 R Ma d yr
L Í 5.385 2.831 1.07 93 27
Lm 5.6 2.96 146 15.7
L2 5.5 2.89
L3 5.328 2.60 1.033 43 55.6

Table 8 contains the interpolation coefficients to find the 
mass and original ZAM S mass from  the observed lum inosity 
values for the indicated tem perature. We assume that the lum i­
nosity is observed over a period of no obvious over- or under­
lum inosity of the star.

The (observed) reference lum inosity (logL/L© = 5.384) 
for HR 8752 is close to that o f the 25 M© ZAM S model, 
hence the actual mass associated with the indicated tem per­
ature is estim ated to be almost 10.8 M©. U sing the derived 
m ass-lum inosity relation and assuming log Tßiue = 3.9, we find 
for the aforem entioned points L Í and L3 M actuai(Z.l) = 11.78, 
3Tactuai(T3) = 10.96 + 0.09 (relative to L Í)  and M Zam s(T1) = 
26.67, M zam s(T 3) = 25.23, in solar units. Owing to the uncer­
tainties in Mboi (cf. Sect. 3), the absolute logarithm ic error in the 
actual mass is 0.168 (a factor o f 1.471) and for the ZAM S mass 
0.133 (a factor of 1.36).

We conclude that the most consistent estimate o f the mass 
M  corresponding to the high tem perature of log Tßiue = 3.90 for 
point L3 is M actuai = 10.96 M© with given accuracies, and for 
the ZAMS mass is Mza m s  = 25.23 M© with its given accura­
cies. The other estimate L Í has a known atmospheric- but an as 
yet unknown evolutionary temperature. The 25 M© evolutionary 
model with log Tßiue = 3.90 can effectively be used to approx­
im ately describe the position of HR 8752 during its (proposed) 
evolution.

5.5. D ynam ic and  therm al timescales tdyn and  ttHerm

We investigate the tim escales that appear in the observations of 
HR 8752 to determ ine the kind of processes that m ight occur and 
lead to the indicated instabilities (cf. Sect. 3).

The dynam ical tim escale gives an indication of the time pe­
riod during which a (dynam ically stable) star reacts following 
a slight perturbation of the hydrostatic equilibrium . These val­
ues change with the atmospheric variation in historical time: 
interesting points for HR 8752 are the mean (^stable) time 
(Sect. 3, step 2) given as point L Í , the highest lum inosity given 
as point Lm, and the end of the observation period, with slightly 
m ore than the lowest lum inosity given as point L3. In the fol­
lowing definitions, we consider the mass derived at point L Í: 
log M  = 1.07.

For idyn, we have fdyn ~  (R3/(G M ))1/“ (M aeder 2009, 
Eq. (1.28); K ippenhahn & W eigert 1994, Eq. (2.19): fhydr = idyn). 
We give values for the aforem entioned points o f HR 8752 in 
Table 9. To find the dynam ical tim escale corresponding to a shell

mass A M  of thickness AR,  we m ultiply the given num bers with 
the factor (AR/R)1/2 (M aeder 1992). For the Sun, idyn ~  27 min.

The therm al tim escale h h e r m  gives an indication of the time 
needed to radiate internal energy, and has the same order of m ag­
nitude as the K elvin-Helm holtz tim escale during which a star 
can produce a lum inosity L  from  the gravitational energy. For 
f th e r m ?  w e have f t h e r m  ~  G M 2 /  (RL)  (M aeder 2009, Eq. (3.50); 
K ippenhahn & W eigert 1994, Eq. (3.19): hherm = ta t) -  We give 
values for the aforem entioned points o f HR 8752 in Table 9. 
These tim es indicate that any process acts over the whole star, 
while when considering smaller mass fractions we m ultiply the 
given num bers by the mass fraction (AM/M).  For the Sun, 
itherm ~  1 .6 x  IO7 years.

In the G eyser  m odel, the equality o f the two tim escales ap­
plies to the thin superficial layers that are ejected in the out­
burst, as m entioned in Sect. 4 o f the M aeder (1992) paper. In 
this case, the therm al tim escale has to be applied to a mass frac­
tion (AM/M)  of the total stellar m ass (see form ula on page 141 
of M aeder 1992), where the mass fraction is generally very small 
and estimates in the above paper ranged from  0.01 to 0.0001. 
The dynam ical tim escale applies to AR,  which is of the same or­
der of m agnitude in yellow supergiants as R.  Thus, if  these are 
taken into account, things are globally consistent with the com ­
m ent about the "G eyser m odel" at the end of Sect. 4. For more 
inform ation, we refer to M aeder (1992).

In Sect. 6, we derive values of the mass fraction (AM/M)  that 
perm it us to com pare theoretical tim escales with observations.

5.6. Com paring tdyn and  ttHerm with the observed variations

It is interesting to com pare these times with the obseiyations (cf. 
Table 6 and the Conclusions in Sect. 3) which display evidence 
o f different tim escales for the variations. We use the same iden­
tifiers and present the four following types:

1) A  short tim escale ~ 200-300  days, as described in ear­
lier papers (Nieuwenhuijzen & De Jager 2000; Percy & 
Zsoldos 1992). This seems com m on in very heavy stars (cf. 
van Leeuwen et al. 1998). Such short tim es represent the dy­
nam ical tim escales, and are responsible for the variability of 
the star by about 0.2 mag.

2) A  medium  tim escale ~2—5 years, which relates to the m ove­
ments described earlier in this paper (Sect. 3), cf. Figs. 10 
and 11. We propose that they are of the same type as the 
"events" described for the hypergiant p  Cas by Lobel et al. 
(2003) for 1945-1947 (V ~ 5 .6 -7 .0 ), 1985-1987 (V ~ 
4 .4 -5 .2 ), and 1991-2001 (V ~  4 .1 -5 .4 ). We also note 
that Zsoldos & Percy (1991) studied p  Cas in the period 
1963-1989 finding short tim escale variations, as in 1) above 
with V  ~  4 .175 -4 .692  and a deep m inim um  in 1986 con­
sistent with Lobel et al. (loc. cit.). These m edium  timescales 
seem to be similar to the therm al tim escales for a fraction  
o f the star (AM / M )  with (AM / M )  ~  0 .01 -0 .1  to obtain the 
appropriate tim e found for the values of (AM / M )  = 1 given 
above.
We note that the "events" for the hypergiant p  Cas (Lobel 
et al. 2003), in the periods 1985-1987 and 1991-2001 and 
Zsoldos & Percy (1991) in the period 1963-1989 seem to 
be of type 2. However, the "event" for the hypergiant p  
Cas (Lobel et al. 2003) in the period 1945-1947 with V  ~ 
5 .6 -7 .0  seems to be of type 3 below.

3) A  shell ejection "event" around 1973 with a tim escale of 
~20 years, which m ay make part o f tim escale type 4 below.
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4) A  long time variation of longer than 100 years. This long 
tim escale involves a com plex interplay of a num ber of 
tim escales, cf. the "Geyser effect" in Sect. 4, and com ments 
in M aeder (1989, 1992). The longer shell ejection/ recov­
ery times of types 3 and 4 are probably indicative of a ther­
m al timescale  for a large fraction of the star (AM / M )  with 
(AM / M )  ~  1. W hile there is a long-term  (>100 year) sce­
nario involving either a large part or the whole star, where 
shorter tim e disturbances m ay point to "instabilities" in a 
small part o f the atmosphere.
We note that for all tim escales taking (AM / M )  = 1 refers 
to the whole star and the dynam ical time is always shorter 
than the therm al tim escales. In all stars and low enough 
(AM/ M) ,  the therm al tim escale can be shorter than the dy­
nam ical tim escale in view of their respective dependence 
on (AM/ M) .

The main question is whether the fractional mass (AM / M )  where 
the equality is reached is below the layer where H starts to be 
fully ionized. If  yes, the Geyser model m ay clearly w ork since a 
large am ount o f ionization energy m ay be released when pow er­
ing the outburst. In Sect. 6, we discuss the energy considerations 
that m ay allow us to estimate the shell mass (AM / M )  itself.

In overview, we conclude that the variations of type 1 point 
to dynam ical instabilities that are well studied and by themselves 
do not appear to lead to the variations 2^1.

In view of the tem perature and lum inosity areas addressed in 
Sect. 4 that are responsive to instabilities o f the T i type, we now 
consider mass lost in tracks 4 of the aforem entioned evolution­
ary models and com pare those with the results o f the com plex 
Ti -Geyser mechanism s introduced in Sect. 4.

5.7. Mass lost in evolutionary m odels

The evolutionary data in Figs. 21 and 22 for m 040e020 and 
m 025e020, respectively, for track 4 show the relevant tem per­
ature and lum inosity values as a function of (diminishing) mass 
from  the "m irror" point to a tem perature of at least log Teff = 4.0 
with a gradual decrease in mass until the rising tem peratures 
reach the range of log Teff «  3.8. Both models have then lost ap­
proxim ately one third of their mass since the "m irror" point, and 
then enter into instabilities that rapidly cause the star to lose a 
few m ore solar m asses before reaching log Teff = 3.9. From  the 
models, it seems that the star then leaves the area of the first yel­
low evolutionary void, passes through a more quiet region and 
then enters the second yellow evolutionary void with new insta­
bilities.

The right-hand parts o f Figs. 21 and 22 for m 040e020 and 
m 025e020, respectively, show some nearly constant steps of 
tem perature as a function of mass. Some process induces steps 
of discrete mass-loss o f ~0.4 and ~1 M©, respectively. There is 
only a small num ber of discrete steps in mass for both models, 
which we show in more detail for model m 040e020 in Fig. 23.

F igure 23 shows details of Fig. 21 as a function of age for 
m 040e025. In the figure, we indicate with vertical lines the 
possible start and end times of the m ass-loss-step processes. 
For the four separate steps, the tem perature is in the range 
log 7 biue ~  3 .77-3 .90 . For model m 025e020, we also find four 
separate steps in the tem perature range log Teiue ~  3 .76-3 .90 . 
In Table 10, we sum m arize the mass change over this period, the 
m ean mass lost per step in the four steps, and the mean evolution 
time per step during the four steps.

In both analyses, the fourth step ends at log Teiue = 3.90, 
which is near to or on the high tem perature boundary of yellow 
evolutionary void I.

Table 10. M ean m ass-loss steps and m ean tim e steps for indicated m od­
els for track 4 w ith log Tßiue = 3 .7 6 -3 .9 0 .

M odel Steps Change M ean step M ean step
M ass (Ma) A M  (Mq) tim e (yr)

m 040e020 4 20.8-19.6 0.30 1470
m 025e020 4 14.3-10.8 0.87 46 000

Viewing this analysis, we make the following observations:

1 ) Quite generally, the com putation of the phases when the star 
evolves back from  the red to the blue is not easy in the sense 
that the num erical model has difficulty in finding a good fit 
between the solution for the envelope and the interior.

2) This num erical difficulty probably has a physical cause. It 
could be due to the envelope encountering some instabil­
ities, as found in our observations of HR 8752. These in ­
stabilities would probably be far more accurately followed 
with a code that did not im pose hydrostatic equilibrium  and 
incorporate a more accurate treatm ent of convection.

3) In this situation, with the present hydrostatic code, we are 
able to overcome the difficulty by relaxing for a few models 
the degree of consistency between the envelope and the in ­
terior solutions. This may cause short-term  variations in the 
luminosity, effective tem perature, and massloss (since this is 
for very short times, which is not reflected in the variation 
in the total m ass of the star as can be inferred in Fig. 23).

4) In this case, we would not consider these variations in lu­
minosities as a natural outcome of the m odel, but as an in ­
dication that something actually happens in that particular 
region of the HR diagram. To proceed, we should com ­
pute models including the accelerating term  in the m ove­
m ent equation and search for what happens using short time 
steps. For instance, some results with such a code for red su­
pergiants were published by Yoon & Cantiello (2010). They 
find pulsation periods deduced from  the evolutionary code.

5) The large mass-loss steps in the Stothers & Chin (2001) 
models are im posed only at the beginning of the blue loops. 
Otherwise, evolution along the blue loops proceeds nor­
mally in the same way as for the rest o f the evolutionary 
track. The blue loop shown in Fig. 2 o f their paper would 
probably have a total lifetim e of ~103 yr unless another 
episode of enhanced m ass-loss created by dynam ical insta­
bility occurred before the star returned to the region of red 
supergiants. In real stars, the latter possibility m ay be quite 
high, and so the total loop tim e m ay actually be irrelevant. 
A  shorter blue loop would also in any case, have a shorter 
lifetime. This can be easily inferred from  Fig. 2.

6) It is im possible to say from  Stothers & C hin’s (2001) lim ­
ited set o f models how far blueward a sequence of triggered 
blue loops along an initial blue loop would push the star. 
However, the star would certainly maintain its blueness, as 
their tests have shown.

7) The observations that we have presented above show much 
higher mean mass-loss rates than the nearly "continuous 
state" mass-loss o f De Jager et al. (1988). A dditional p ro­
cesses must be involved to account for these higher rates. 
W hen a large am ount o f mass-loss at the low end of the 
tem perature loop has been introduced, evolutionary codes 
are then able to trigger and follow the lifetim e of the blue 
loops (cf. Stothers & Chin 2001). W hether this is also the 
case when introducing large mass-loss at the high end of the 
tem perature loop is as yet unclear.
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Considering the rate o f mass-loss, we now consider some 
options and indicate lim itations:

8) W ith the concept o f Tßiue, we consider an evolutionary op­
tion with a m onotonically increasing tem perature where 
some changes (instabilities) occur with lower atmospheric 
tem perature, considerable mass is lost, there is a tem porary 
increase in the atmospheric lum inosity and the m axim um  at­
tained tem perature rises to 7Biue- D epending on one’s ideas, 
this could be called either a red loop or a blue loop.

9) The models of M eynet et al. and Stothers & Chin (short 
version of consideration 5 above) are described below. The 
models o f Yoon & Cantiello are very interesting in their p ro­
cedure, but are outside the range of our observations. The re­
sults clearly show that the "classical’’ mass-loss o f De Jager 
et al. (1988) is insufflent to explain the larger mass-losses 
indicated below (cf. also Yoon & Cantiello 2010).

10) M eynet et al. (1994) detected instabilities after an integrated 
mass-loss o f ~1 M©. If  the tim e between instabilities is long 
this m ay indicate that greater mass-loss is required to obtain 
inter-instability-tim es of ~300 years. M agnifying Fig. 23 
for m odel m040e020 and looking at the time history, we 
can see the following. In the time interval 6000-7200 years 
with respect to a modified JD = JD-4 448 000 years, the in­
stability starts with a downward lum inosity jum p, followed 
by an upw ard jum p. This behaviour possibly indicates first a 
period of mass-loss, followed by an "explosion", and seems 
to mimic our observation graph in Fig. 19.

11) A nother interesting point is shown on the right-hand side of 
Fig. 23, where the lum inosity changes very slowly, while the 
tem perature increases, first slowly (stable?), then rapidly to ­
wards a m axim um  of log Teff = 4.08, and falls back quickly 
to log Teff < 3.98. Could this be interpreted as a jum p to the 
second yellow void, after a tim e followed by an "instability" 
leading to tem porarily lower tem peratures? We also refer to 
Figs. 14 and 15, which shows the start o f the instability com ­
ing from  the right in the time direction just at the start o f the 
zone where dynam ical instability m ay occur. Is this when 
the mass-loss must intensify before an "event"?. In both ex­
amples, the mass loss tim ing of two times the "classical" 
value (De Jager et al. 1988) seems to perm it the evolution­
ary code to yield in any case interesting results. We consider 
the am ount of mass-loss as "appropriate", and that possibly 
also the lower actual mass plays a role in finding an opti­
m um  mass-loss to describe observable effects?

12) Yoon & Cantiello (2010) found scenarios for relatively 
larger mass-loss rates and found large deviations in evolu­
tion for stars at lower temperatures.

13) Stothers & Chin (2001, Fig. 2) show that by introducing a 
larger m ass-loss for log Teff < 3.7, a fast change to higher 
tem perature (blue loop) is introduced, followed by a slower 
decay in the tem perature on a tim escale o f ~  1(900 years. 
This could result in a sequence of loops.

14) M aeder (1989, Fig. 2) shows a light curve illustrating the 
T i-G eyser effect for a LBV, resulting from  shell ejections 
of 1 M© at various high mass-loss rates. If  this mechanism  
w ere applicable to yellow hypergiants, it m ight explain the 
observations.

15) Com bining the above, mass-loss rates o f ~.01 M© yr-1 
seem to lead to results that can be com pared with the ob­
servations, but this will have to be verified in more de­
tail. It also seems that when the total sum of mass loss 
is more than a critical amount, some strong fluctuations 
(event, instability?) occur with high lum inance output fol­
lowed by a gradual rise in tem perature (to Yßiue?). Can one

hypothesize that (part of) the continuous mass loss is col­
lected until such a time that a large instability is created and 
(part of) the collected mass is ejected in an explosion, while 
perhaps another part returns to the star (cf. Sect. 6.3)?

16) There is a set o f observations of yellow supergiants 
(hypergiants) in the LM C (Hagen et al. 1981) with esti­
m ated mass losses o f from  4 x  IO-4 to 4 x  IO-2 M© yr-1, 
found with an appropriate value of the inner radius of a cir- 
cum stellar shell. D ie mean logarithm ic values of (-)2 .4 0  
are included in De Jager et al. (1988, Table 1 for 
N R ’s 269-273). They were indicated as doubtful values 
not included in the model calculations. In the context of 
the above considerations, these values could be consistent 
with the high mass-loss values needed for the evolutionary 
modelling.

17) The conclusion of this subsection is given as Table 10, 
where we see that to enable observed times, the mass loss 
for m odel m 040e020 could be a factor 3^1 higher, and for 
m odel m 025e020 one would think of a factor 100 higher 
( - 2  in the logarithm ic mass loss scale).

5.8. Observed mass lost (shell ejection)

The actual mass M  and the ZAM S mass of HR 8752 were de­
term ined above for the evolutionary tem perature Tßiue at two de­
fined instances in time: the indicated instances of observed sem i­
stability before and after the "event" around 1973, with indicated 
luminosities o f L Í and L3, using the developed m ass-lum inosity 
relation given in Table 8.

If  the luminosities at the designated points were representa­
tive of a "~stable" atmosphere, in which extra processes have 
been worked out as far as over- resp under-lum inosity are con­
cerned (cf. tim escales above), then the application of the de­
rived m ass-lum inosity relation m ight give an estimate of the 
(real) actual mass for points L Í o f M actuai = 11.78 M© and L3 
o f M actuai = 10.96 + 0.09 M© (relative to L Í) , with absolute log­
arithmic errors o f 0.168 (factor o f 1.471) owing to the uncertain­
ties in Mboi (cf. Sect. 3). We have assumed that to first order the 
tem perature does not change.

The mass lost in the 1973 shell ejection "event" including 
the 1980 variations is then 11.78—10.96 ± 0.09 = 0.82 + 0.09 M© 
with an absolute logarithm ic error o f 0.168.

5.9. M ass loss in the Í 2 -G eyser m odel

M aeder (1989) discusses the physical considerations of 
LBV outbursts, the reason for the shell ejections on the 
tim escales involved, which can probably also be applied to the 
star HR 8752 on its blueward evolution along track 4. We indi­
cated earlier the relevant tim escales for HR 8752. M aeder also 
discusses the response of a LBV to a large shell ejection and 
a theoretical lightcurve. The light curve from  M aeder (1989, 
Fig. 2) shows the response in ZJ-magnitudes to a shell ejection 
of 1 M© at various mass-loss rates (mean taken over some ejec­
tion time).

For the observations of HR 8752, we make three comments: 
1) If  our estimate of mass lost (through a shell ejection) is realis­
tic, we find an observed mass ejection of ~0.82 M©. 2) A lthough 
we have only V-data available, we can com pare our Fig. 13 with 
M aeder’s response to a large shell ejection with a mean mass- 
loss over 20 years o f 0.05 M©/yr. D ie general form  of the curves 
seem  sim ilar if  we think of a long recovery time, but the exact 
form  may be different. 3) D ie  recovery tim e for the above data
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and mass ejection for a 40 M© model is 350 years (M aeder 1989, 
table on p. 22). The observations indicate a "recovery" time that 
is significantly longer than the observation tim e of ~  160 years, 
and an estimate of some 300-350  years seems reasonable.

5.10. Conclusions

If  the process that we have observed is a long-term  instability 
cycle that can be described by the Ti -Geyser process (M aeder 
1989, 1992), it seems that the severe mass lost as part o f the 
process leads to a much higher efficiency in losing mass than 
the wind-driven m ass-loss does. It also means that for m 040e020 
the evolutionary time spent within the yellow void I up to Teiue = 
3.90 drops from  6000 to some 1400 years, and for m025e020 
from  some 180000 to 1400 years.

This process seems to operate in giant steps of mass- 
loss, dividing long evolution times over the yellow void I 
into a small num ber of 300-350 year steps, integrating to 
some 1000-2000 years for part o f the evolution in the yellow 
void I, and possibly also in the yellow void II. The term  yellow 
void m ay explain the very short tim e an observable hypergiant 
stays within its region.

The observations of V-magnitude (cf. Fig. 13) seem to in ­
dicate the reality o f the T i -Geyser process for this fourth step 
of HR 8752 in yellow void I, shortening evolution tim e steps of 
some 2000 -10000  years to a small series o f mass ejections of 
each «¡300-350 years process duration.

If  the num ber of steps given by the models is realistic, we 
hypothesize that the first (large) mass-loss might have occurred 
4 cycle times ago, which is a tim e of some 1200-1400 years.

HR 8752 has reached Teiue = 3.90 and the question is 
w hether the star will undergo another cycle, or the star can be 
expected to leave yellow void I, resum e its "regular" evolution, 
and then later enter yellow void II? To answer this question and 
verify this prognosis, m easurem ents over a much longer tim e in ­
terval are needed.

5.11. H istorica l records

Since M aeder’s (1989) "shell ejection" event seems part o f a 
recurring cycle of long duration and the V-m agnitude of 
HR 8752 m ay have been fainter than V = 6 (the lower level 
of naked eye visibility ), we search historical astronom ical obser­
vations for a "new" star observed in the constellation Cassiopeia. 
HR 8752 has no official constellation assignm ent but was subse­
quently designated as V509 Cas at a later date. W ould the ap­
pearance of a new star due to the intensity brightening as part of 
the T i -Geyser process have been noticed some 1200-1400 years 
ago in the constellation Cassiopeia?

W riting about the new star of 1572, Cyprianus Leovitius 
(1573) m entioned two possible earlier new stars, approxim ately 
in the same region of the sky, appearing in A.D. 945 and 1264. 
Below we give the medieval latin text followed by a translation. 
For more details cf. Table A.10.

On the new star: Cyprianus Leovitius: De nova stella 
(Lavingae, 1573, pp. A2v-A3r):

"H istoriae perhibent tem pore Ottonis prim i Im peratoris sim- 
ilem  stellam in eodem  fere loco Coeli arsisse Anno Dom ini 
945. U bi m agnae mutationes plurim aque mala, varias Provincias 
Europae pervaserunt: potissim um  propter peregrinas gentes in­
fusas in Germ aniam . Verum multo locupletius testim onium  
in hiftorijs extat de A nno Dom ini 1264. Quo stella m agna 
& lucida in parte coeli septentrionali circa sydus Cassiopeae

apparuit, carens sim iliter crinibus, ae destituta m otu suo pro­
prio: cum  paulo post duae praestantissim ae ae florentissimae fa- 
miliae Germ anicae excisae sint: & inter Electores ae Principes 
Germ aniae summae distractiones fuerint, interregnum que pluri- 
m orum  annorum  cum  laniena secutum  sit".

Translation:

"H istories tell us that in the times of Em peror Otto I, in A.D. 
945 a sim ilar star appeared in alm ost the same place of the sky. 
Various provinces of Europe were affected, generally in a bad 
way, mostly due to peoples intruding into Germany.W e have 
m ore testim onies in histories o f the year A.D. 1264, when a 
great and bright star appeared in the northern part o f the sky, 
near the constellation Cassiopeia, also w ithout a tail and a m o­
tion of his own: two of G erm any’s most excellent and flowering 
families were m urdered not long after, there were disagreem ents 
between the Electors and Princes of Germany, and there was an 
interregnum  for a long time, followed by a m assacre".

The reality o f these events are not well-established, though 
they are not im possible. There were com ets in the respective 
years, but they do not correspond to L eovitius’ description 
(Kronk 1999).

We firstly note that although the two medieval observations 
above have been advocated as being possible precursors to the 
appearance in 1572 of Tycho’s star (Zsoldos 2010 notes 23, 24), 
it is interesting that these appearances offer observations that 
are coincidental in place (Constellation Cassiopeia) and in time 
(beginning of the shell-ejection cycles) of a possible r 2-Geyser 
process in HR 8752 (and/or p  Cas).

In addition we conclude this section with the rem ark that 
the T i-G eyser process m ay be the m ajor driving process behind 
the instabilities in yellow hypergiants and LBVs. It allows step­
wise large or giant losses of mass w hilst a star is in a region 
where r 2 instabilities can occur in (large parts of) the atm o­
sphere. This mass-loss process is orders o f m agnitude more ef­
ficient than the wind-driven mass-loss process, but is lim ited to 
regions where the ionization of He and H are extrem ely im por­
tant at the same time that the m asses of the stars evolving through 
these regions are insufficient to guarantee stability.

6. Energy considerations

Figure 24 gives the "total bolom eteric lum inosity" of HR 8752 
in a linear p lot against modified julian day (mJD) with m JD = 
JD -2400 000 between 1950 and i 995, where the short lines in ­
dicate the lum inosity levels with L Í = 243 000, L2 = 316000, 
L3 = 213 000, and Lm  = 398 000 in solar units o f L© = 3.85 x  
IO33 erg/s (Schm idt-Kaler 1982).

Four vertical lines indicate three integration areas of differ­
ent character, which we nam e "a", "b", and "c". The vertical 
lines correspond to mJD = 43 000, 43 300, 45400 , and 48 800, 
respectively.

6.1. Excess lum inous energy

To estimate the excess luminous energy freed by the "1973" 
event, we integrate the lum inosity given in Fig. 24 over time 
in the three indicated sections. The short horizontal lines indi­
cate the lum inosity levels. In Table 11, we give the integration 
between Lm  and L3 (“a” ) with repect to level L2, also for "b", 
"c", the total o f the the three areas, and the mean excess energy 
loss per day.

Lobel et al. (2003) find for the m ass ejection of 2000-2001 
for p  Cas a total energy ejected of 6.1 x  IO44 erg, over a period
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Table 11. Estim ate o f “flash" energy and o f lum inous energy freed, 
from  observations after the 1973 “event".

B lock Days
(d)

Integral
(Lsun.day)

Energy
(ergs)

M ean energy/d 
(ergs/day)

“ e " i 1390 7.43 X IO46 5.35 X IO43

“a" 300 4.32 X IO7 1.437 X IO46 4.79 X IO43
“b” 2100 2.163 X IO8 7.195 X IO46 3.43 X IO43
“c” 3400 3.621 X IO8 1.204 X IO47 3.54 X IO43
total2 5800 6.216 X IO8 2.067 X IO47 3.564 X IO43

N otes.111 “e” gives the explosive “flash" energy from  indirect estim ates 
given in Sect. 6.5 121 “to tal" gives the sum  of blocks “a", “b” , and “c” de­
rived in Sects. 6.1, 6.2, and 6.7, while “e” im plicitly  includes block “a".

of 100 days, hence a mean ejected energy of 6.1 x  IO42 ergs/day. 
It appears that the HR 8752 "1973" event has a total energy loss 
of at least 300 times that o f the 2000-2001 ejection for p  Cas, 
and a mean energy loss 5.8 times higher, over a tim e span that 
is 60 tim es longer than p  Cas. HR 8752 does have smaller 
"events" that more clearly show the behaviour of the 2000-2001 
p  Cas mass-loss. We refer to the smaller episodes around both 
1960 and 1980 that we m ention in the main conclusion, end of 
Sect. 3, and in step 2, Sect. 3.2.

6.2. Observed timescales o f observations o f energy  
emission

But where is the observed energy stored? We investigate the dif­
ferent characterizations of blocks (a), (b), and (c ) in Fig. 24, and 
identify the differences between the tim escales. For block (a), the 
drop in the lum inosity from  the beginning of the observations af­
ter the 1973 event is quite fast: 300 days for a drop of 56% of Lm  
to L2 with respect to L3. This represents a dynam ic  timescale. 
On the basis o f the earlier parts o f this paper, we conjecture that 
the energy was stored as H-ionization energy in a shell around 
the central star and liberated through some form  of T i -Geyser 
mechanism s as m entioned in Sect. 4, which possibly carries 
on into block (b). B lock (b) shows the variations in the type 1 
(cf. Table 6) but seems to stay on a constant energy level. The 
tim escales are probably also of type dynam ic. B lock (c) has a 
com pletely different character that corresponds to a tim escale 
of type therm al or K elvin-H elm holtz, similar to that associated 
with the infall o f stellar m aterial onto the central star. We tenta­
tively associate this process with the collapse of an atmosphere 
from  level Lm  to L2 along a nearly straight line and try to deter­
mine whether the potential energy of an atm osphere that extends 
half a stellar radius away is responsible for the luminous energy 
liberated in the process of the atm osphere falling onto the central 
star. We concentrate however on block (c) and try to identify the 
sinking of the atm osphere between levels L2 and L3.

W ith respect to block (c), Lam bert et al. ( 1981) inferred from 
observations of infrared CO and visual atomic interstellar lines 
that a shell ejected in 1975 was then falling back onto the star 
(1979). Lam bert & Luck (1978, p. 419) mention for 1976 "Then, 
the m etallic lines, which are identified with the upper photo­
sphere, were falling down at a relative velocity of 30 k m s-1 on 
to the lower photosphere".

In block (a), the energy is freed as internal energy by the 
deionization of an extended part o f the atmosphere. We can only 
see the last part o f this process. In block (b), it is uncertain what 
is happening, but we expect the process of (a) to continue, while 
the atmosphere also begins to feei the results o f the missing

ionization and starts to rain down onto the central star. Is it pos­
sible that we see in block (b) the end of the liftoff of ejected 
m aterial o f mass 0.8 M e , which may have been put into a shell 
over a period of m ore than 100 years? In block (c), the (fast) 
energy release of (a) has resulted in an atmosphere that is at 
least partly de-ionized. The absorption coefficient has changed 
(rapidly) and there is insufficient luminous energy to support 
these atmospheric layers. Hence, the layers will fall down onto 
the central star (central part o f the atm osphere). It is in some 
respects a catastrophe for the atmosphere.

Can we find out how much m aterial is falling down? This 
would be interesting because it could give an indication of the 
shell mass contributing to the de-ionized shell zone in block 
(a) and/  or the shell mass contributing to the luminous energy 
in block (c). A lthough we are interested in m easurem ents of 
(AM/M)  (cf. Sects. 5.5, 5.6) for these two zones, we only at­
tem pt them  for block (c).

6.3. D eterm ining shell mass

We assume that the energy for (c) is stored as potential energy 
in an extended mass around the central star, which is built up 
over »300 years, and that this energy, together with the energy 
in the ionized region (internal energy), forms the total energy 
available for a large "event" or explosion (for a part even before 
block (a)).

We concentrate here on the observations in block (b), and 
propose the following m odel. Using the data from  Table 9, we 
take as a model a central star o f radius R3 and mass (M -  AM)  
(shell mass) surrounded at R2  by a shell o f mass AM.  The total 
mass of the system is M  = M3.

We consider the potential energy of a m ass A M  with respect 
to the central star. This mass is external to the star but falls back 
when the absorption coefficient is too low for sustainability. This 
m ass adds to the local mass to becom e the total mass. We write 
the potential energy as the product o f m x  g x  h, where m  is 
the shell mass = AM, g is the acceleration of gravity due to the 
central star g = G M / R 1, M  = M3 -  AM,  and h is the height of 
the fall, i.e. the difference in radius of the extended atmosphere 
with respect to that o f the central star h = R2 -  R3.

W ith the values given above, com bining the relevant radius 
and mass factors in a factor "f"  and rewriting for mass in solar 
units, we have

Potential energy (block (b)) = m x g x h  = A M  x  (M -  AM)  
times the factor "f"  with "f"  = 9.056 x  IO45 erg and total M  = 
M3 = 10.8 Mq.

Is the potential energy from  this model com parable to the lu ­
minous energy of 1.204 x  IO47 erg found for block (c)? Equating 
the potential and the lum inous energies and solving for AM,  we 
find a value for A M  = 1.417 Me  and thus (AM/M)  = 0.131. We 
find that indeed the potential energy is o f the same order as the 
observed luminous energy, and that a shell mass of 13% of the 
total mass is involved. We conclude that the energy m ay have 
been stored as a sum of potential, internal, and m echanical en ­
ergies, but that the potential energy is an essential part of the 
energy balance.

Only one-half o f the potential energy is classically trans­
form ed to luminosity. This factor of one-half is a m axim um  
value, which is true in the case of an ideal m ono-atom ic gas. 
In this case, we would need a potential energy twice as high 
as the radiated energy. Solving for the classical case then re ­
sults in AM (classical) = 3.797 Me  and the mass fraction 
(AM/M)( classical) = 0.358.
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6.4. Energy freed by H-recom bination

If  the above value of mass falling down onto the central star 
is attributable to the recom bination of hydrogen, we can ob­
tain an estim ate of the ( "flash") energy released in a process of 
com plete recom bination. We find that 1 Me  of ionized hydro­
gen releases 2 x  IO33 g x  6.02 x  1023/g(Avogadro) x  13.6 eV x
1.6 x  IO-12 erg /eV  = 2.61 x  IO46 erg. For the value of shell 
mass AM (classical) = 3.797 Me  and a fraction of H mass X  = 
0.75 (solar-type abundance), the shell recom bination energy is 
then £ sheii = 7.43 x  IO46 erg, which is com parable to the ener­
gies given in Table 11.

We conclude that the recom bination energy is o f the same 
order and som ewhat higher than the energy in block "a" of 
Table 11 that is integrated between the levels Lm, L2, to L3 over 
time.

The available recom bination energy depends on the partial 
ionization fraction “x"  with 0 < “x" < 1. The given values are 
therefore m axim um  values.

The estim ate for HR 8752 assumes that the gas has tem ­
peratures and densities in the layer A M  that ensure it becomes 
(nearly) com pletely ionized (but for the factor ".v") and subse­
quently undergoes a (nearly) com plete recom bination. A re these 
gas conditions possible in such an extended m assive layer?

6.5. Estim ated mean explosive “flash” energy

There is significant evidence of a dramatic change in HR 8752 
going from  m JD = 41 560 (G5 la), to mJD = 41 606 (G5 la) 
(M organ et al. 1981; Fry & Aller 1975) and mJD = 41910  
(G8-K5) (Luck 1975; Lam bert & Luck 1978; c f  also Table A.5) 
and a m easurem ent on mJD = 42 368 of (B -  V) = 1.73 by the 
m ethod of M cFarlane (Luck 1975; cf. also Table A .7). However, 
we have no direct m easurem ent of the V-magnitude, so that all 
we can say is that we expect the "flash" to have started at about 
the date o f mJD = 41 910.

To find the mean explosive "flash" energy, we take the en­
ergy of Tfgheii = “x"  x  7.43 x  IO46 erg over a tim e given by the 
difference between m JD = 43 300 (end of “a”) and m JD = 41910  
or 1390 d. Taking "x" = 1, the m axim um  mean "flash" energy 
is then 5.35 x  IO43 ergs/day. We add these data separately as 
block "e" at the beginning of Table 11 for com parison purposes.

6.6. D iscussion

The energy em itted by HR 8752 during the phases considered 
here have been released over some three and sixteen years, but 
we can only make an indirect estimate, given that the direct in ­
formation misses the largest part o f the presum ed explosion it­
self. They show respectively a somewhat faster and a "slower" 
release, but they com bine to produce a high total value.

The m easurem ent o f the energy in Sects. 6.1 and 6.2 is based 
on the evaluation of the luminosity, hence radiated energy. We 
discuss the use of potential energy that is converted to luminous 
energy, and then m easure the em itted light.

The factor (AM/M)  refers to the depth (mass fraction) of 
the atm osphere to which the T\  de-ionization flash m ay possi­
bly reach at the beginning of the eruption on the tim escale given 
by idyn or íkh as described in Sect. 5.5 of the paper. A  value 
of 0 .Í -0 .2  (of the total mass) indicates the mass fraction of the 
atm osphere undergoing the (Geyser?) instability. It is not a factor 
of actual m ass-loss given in De Jager et al. (1988).

We consider these high energies, if  real, as possible indica­
tions of later larger explosions of huge energies.

6.7. Com paring ttHerm with observations

In Sect. 5.5 (cf. Table 9), we gave the tim escale values for time- 
points L Í, Lm, and L3. For a fractional m ass (AM / M ) ,  we m ul­
tiply below these tim escales with that fraction to find the cor­
responding tim escale, and com pare the observed and theoretical 
timescales.

Using the "1990" tim escale o f point L3, we find 55.6 years, 
thus for (AM / M )  = 0.131 a value of ftherm = 7-30 years 
(or 2664 d), which we com pare with the observation of 3400 d 
for block (c), and for (AM / M )  = 0.358 a value of ftherm = 
19.92 years (or 7274 d) again com pared with the same obser­
vation of 3400 d for (c). The tim escales for (AM / M )  = 0.131 is 
near to the observed value, which for the classical case leads to 
a value that is twice as high.

6.8. Conclusion

We find that the concept o f energy stored as internal and poten­
tial energy seems to give results that are consistent with observa­
tions and that the shell mass fraction of (AM / M )  might be som e­
where between 0.131 and 0.358 if the potential energy is the 
only form  of energy in block (c). This validates M aeder’s (1989, 
1991) Geyser m odel, although with the addition of storing po ­
tential energy in an orbit around the star. It seems that there are 
two types of energy release involved in the Geyser process, a fast 
and a slower one. The explosion can probably incorporate both 
of these energies. Does it take more than 100 years to produce a 
new large explosion?

If the observations and the treatm ent to com e to the lum i­
nosity num bers given in this paper for HR 8752 are correct 
(cf. also the com ments at the end of Sect. 5.2), the total energy 
o f 2 x  IO47 erg is »  1 % of the energy for SN type II with a total 
radiative energy of 2 x  IO49 erg (UBV colours) and total kinetic 
energy 1 x  IO5" erg (UBV colours) (cf. D uerbeck&  Seitter 1982, 
Sect. 5.1 p. 234). The SN II have much higher tem peratures, but 
also mass ejections forming supernova ejections of 1.5-2.0 M e  
(or more, loc. cit.). Do the very high energies found here for 
HR 8752 imply that the star m ight be very near to catastrophic 
behaviour?

7. Conclusions

The main conclusion of our study is that the instability region 
that we originally called the yellow evolutionary void, actu­
ally consists o f two separate instability regions, one for 3.8 < 
log Teff < 3.95 and another at higher tem peratures 4.05 < 
log Teff < 4.15. We have identified four separate tim escales in 
the observations, which are descibed in Table 6. D etailed tem ­
perature data are presented from spectral, historical M K, V, 
and B - V  observations over a longer tim e interval. A  sum ­
m ary is given in Fig. 10. D etailed physical param eters Teff, L,  
R,  and M  have been found for the period 1942-1996, together 
with estimates o f the interstellar absorption param eters E( B -  V)  
and R-ratio. We have estim ated the mass lost in the "1973" event 
as the difference of mass before and after the "1973" event. By 
extending the range of V-observations back to 1840, it seems 
that the process time for the indicated changing situation is 
longer than the time of the record, of m ore than 150 years. This 
might be indicative of a recurrent (cyclic) character similar to 
that proposed for the "G eyser m odel" (M aeder 1989, 1991) and 
the one that we have found in the evolutionary models mass 
lost in consecutive steps. The 1840-1900 data indicate that dur­
ing part of the cycle the star would be invisible for naked eye
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observation and becom e visible for only a while. Energy con­
siderations based on the observed (excess) lum inous energy data 
m ay help us to identify and place constraints on the m echanism  
making the outbursts and instabilities.

7.1. Additiona l com m ents

The scenario above is probably not lim ited to yellow hyper­
giants. It m ay also be at least partly applicable to lum inous blue 
variables. An example given by M aeder (1989, 1992 p. 142) 
for a luminous blue variable of 60 M 0  star in the yellow su­
pergiant phase, actual mass 46  M e , describes an ejection of a 
shell o f mass 1 M e , and (in the model) two stable tem pera­
tures o f log Teff = 3 .82 and lo g o f f  = 4 .10 . The first tem per­
ature is consistent with yellow void I. The second tem perature 
is not  consistent with tem peratures o f yellow void I but o f yel­
low void II. Here we would expect the Ti -m echanism  to op­
erate with helium -ionization, or recom bination in the extended 
atmospheres.

We hypothesize that the main distinction between the two 
tem peratures is that the yellow hypergiants operate with their 
evolutionary tem peratures within the yellow void I, and lum i­
nous blue variables in both yellow voids I and II.
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Appendix A: Introduction to the figures

A ssociated with the tables referred to as Table Axx, resp. Bxx, 
that are available at the sites m entioned in Sect. 1 o f the main 
paper, we give the three figures m entioned in Tables A .9 and B.2.

Color-excess ratios: Mean Cepheus, HR8752 (synchron date) 

-6 r Observations Johnson (1968) for date: JD 2438300 i -6

Teff a s function of s-parameter (De Jager et al., 1989)

o"Ög
'B0003

D
Q

color-excess Mean Cepheus 
color excess HR8752 for G2 I 
continuation to R = 4.4 ? 
color filter inverse wavelength

R mean Cep = 4.8 -->
R HR 8752 = 4 .4  - >  f/_

id 
J t

with E(B-V)=0.70 
for sp. type G2 I 
recalculate Excess 
(V-X) /  E(B-V) 
for HR 8752

O)O

Data (De Jager, 1998), 4th-degree chebychev, s=2.6 - 7.0
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Fig. A .I. The color-excess ratio o f  HR 8752, recalculated for syn- 
chronicity o f  M K-type, is given as function o f 1 /4 , w ith the plo t for 
the m ean o f 6 stars in Cepheus from  Johnson (1968) as com pari­
son, leading to an redeterm ination o f the R-ratio R. We estim ate for 
HR 8752 an R = 4.4 w ith an accuracy of -l—  0.2 in analogy with 
Johnson’s determ ination o f the the R-value at 1 /4  = 0 for the “m ean". 
W ith E(B -  V) = 0.70 the absorption in the V  color is Av = 3.08.

Figure A .l gives the colour-excess ratio o f HR 8752, re ­
calculated for synchronicity of M K-type as a function of 1/4, 
after Johnson (1968), together with the mean for 6 stars in 
Cepheus (from  Johnson 1968) as com parison. D ie  data is given 
in Table A.9, where the above figure is m entioned as Fig. A.9.1.

F igure A .2 gives the tem perature calibration for hypergiants, 
using observational data (/Teff from  De Jager 2001), as a function 
of s-param eter (De Jager & Nieuwenhuijzen 1987).

F igure A.3 com pares the calibration with the two spec­
tral class relations for la  and Ia+. The data is associated with 
Table B.2, where the above figures are m entioned as Figs. B.2.1 
and B.2.2, respectively. In De Jager & N ieuw enhuijzen (1987), 
the spectral class Ia+ is represented by b-param eter b = 0.0, 
class la  by b-param eter b = 0.6.

D ie calibration line coincides with the la  and Ia+ lines at 
high tem perature (low value of s), then after y = 2, it stays close

Fig. A .2. The continuous line gives the calibration o f hypergiant tem ­
peratures based on observational data (TeS from  De Jager 2001), as a 
function of s-param eter (De Jager & N ieuw enhuijzen 1987).

Comparison of Teff(s) calibration, data De Jager (1998), and 

Teff(s) calibration of De Jager and Nieuwenhuijzen (1987)
4.8

4.6

4.4

4.2

H 4.0
Ü)
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_ i
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logT(s,la+), 1987 
logT(s.la), 1987 
logT(s) calibration 1 data

Galactic HypergiantLMC

LMC'

Fig. A .3. The calibration as given in Fig. A .2 is com pared w ith earlier 
calibration of Teg as a function o f s-param eter, and shows it’s position 
betw een spectral class la  and Ia+ (De Jager & N ieuw enhuijzen 1987).

to the la  line, between y = 3 .5-5 , it stays close to Ia+, and then 
it stays close to the la  line around y = 6.8 (with ¡.i Cep). For 
practical purposes we lim it the fit to the observational s-range of 
y = 2 .6-7 .0 . The resulting tem perature calibration is valid within 
the lim ited spectral range of B8 - M2.
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