
La evolución de las 
nebulosas planetarias
Un baile de dos:  La estrella 
central y la cáscara nebular

La evolución de las nebulosas 
planetarias
• Las nebulosas planetarias incluyen dos componentes:

• la estrella central
• la cáscara nebular

• Hasta cierto punto la evolución de cada componente es 
independiente:
• La evolución de la estrella central depende fuertemente de la masa 

de la estrella progenitora (temperatura, luminosidad, tasa 
evolutiva).  Todo es más rápido a mayor masa.  

• La evolución de la cáscara nebular depende débilmente de la masa 
de la estrella progenitora (velocidad de eyección).

• La evolución de ambas depende de la composición química.

• La evolución de la estrella central influye en la evolución de 
la cáscara nebular (pero no viceversa).



La evolución de las nebulosas 
planetarias
• La evolución de la cáscara nebular: 

• es eyectada por el viento estelar cuando la estrella progenitora 
asciende la rama AGB, se expande en el espacio.

• es acelerada debido a la ionización por la estrella central.
• es acelerada debido al viento de la estrella central.

• La evolución de la estrella central resulta de:
• la combustión nuclear, la cual “come” la envolvente desde el 

interior.
• el viento estelar, el cual quita la envolvente desde el exterior.
• la contracción gravitatoria, la cual transforma el núcleo en una 

enana blanca (y provee la luminosidad una vez que se acaba la 
combustión nuclear).

• La rapidez con que cambia lo anterior depende de la masa de la 
estrella progenitora (porque determina la masa del remanente).  

La evolución de las nebulosas 
planetarias
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Figure 5 Chemical profile (H, He, C, N, O) of stellar model 46000 of se-
quence ET2 (2 M⊙, Z = 0.01) of Herwig & Austin (2004), corresponding to
t = 76000 yr in Figure 3.
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El viento estelar 
quita material de 
la envolvente 
desde el exterior.

La combustión 
nuclear 
consume la 
envolvente 
desde el interior.

Ambos procesos 
continúan hasta que se 
apagan la combustión 
nuclear y el viento 
estelar.
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Ambos procesos 
continúan hasta que se 
apagan la combustión 
nuclear y el viento 
estelar.

Cuando la envolvente 
remanente está 
< 10!"	%⨀, la estrella 
abandona la AGB.  

Cuando la envolvente es 
demasiado delgada para 
mantener la temperatura 
de las capas de 
combustión nuclear, se 
para ese proceso.

NP: luminosidad de la estrella

&$á&

En la temperatura 
máxima, se apaga la 
combustión nuclear:  
No se puede mantener 
las temperaturas 
necesarias.

Herwig (2005, ARA&A, 43, 435)

La estrella abandona la AGB cuando la envolvente es demasiado delgada 
para “opacar” a la cáscara de combustión nuclear.

La luminosidad se debe a la combustión 
nuclear y la contracción gravitatoria.  



NP: luminosidad de la estrella

La luminosidad se debe a 

la contracción gravitatoria.  
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En la temperatura 
máxima, se apaga la 
combustión nuclear:  
No se puede mantener 
las temperaturas 
necesarias.

NP: el radio de la estrella
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Durante toda la evolución post-
AGB, parte de la luminosidad (o 
toda) viene de la contracción 
gravitatoria
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Como consecuencia, la velocidad 
de escape también aumenta 
continuamente, lo cual implica un 
aumento continuo en la velocidad 
del viento estelar.
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del viento estelar.
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2006 PASP, 118:183–204

Fig. 2.—Hot hydrogen-deficient post-AGB stars in the plane. Weg-Teff
identify Wolf-Rayet central stars of early and late type ([WCE] and [WCL])
from Hamann (1997), PG1159 stars (from Table 2), as well as two [WC]–
PG1159 transition objects (Abell 30 and Abell 78). The for the [WC] starsTeff
is related to the stellar radius at p 20. Evolutionary tracks are fromtRoss
Schönberner (1983) and Blöcker (1995; dashed lines), Wood & Faulkner
(1986), and Herwig (2003; dash-dotted line). Labels indicate mass inM,. The
latter 0.604 M, track is the final CSPN track following VLTP evolution and
therefore has a H-deficient composition. However, the difference between the
tracks is mainly due to the different AGB progenitor evolution. [See the elec-
tronic edition of the PASP for a color version of this figure.]

Fig. 3.—Helium mass fraction in PG1159 stars as a function of stellar mass.
[See the electronic edition of the PASP for a color version of this figure.]

new tracks is not the result of being H deficient. Instead, the
reason is the more realistic AGB progenitor evolution that
now includes the third dredge-up after most of the AGB ther-
mal pulses. This leads to a higher luminosity for a given core
mass, and during the post-AGB evolution, to higher temper-
ature (§ 3.2.4).
Optical spectra are dominated by numerous He ii and C iv

lines, from which the He/C ratio can be derived. In addition,
only the hottest objects ( K) exhibit oxygen linesT ! 120,000eff

(O vi and, sometimes, very weak O v), so the O abundance
in cooler stars cannot be determined unless UV spectra are
available. Similarly, only the hottest objects display optical
neon lines (Ne vii), and only UV spectra allow access to the
neon abundance in the case of cooler objects. Hydrogen poses
a special problem, because all H lines are blended with He ii
lines. In medium-resolution (≈1 Å) optical spectra, hydrogen
is only detectable if its abundance is higher than about 0.1 (all
abundances in this paper are given in mass fractions). With
high-resolution spectra, which are difficult to obtain because
of the faintness of most objects, this limit can be pushed down
to about 0.02. For PG1159 stars within a PN, the situation is
even more difficult, because of nebular Balmer emission lines.

The He, C, and O abundances show strong variations from
star to star; however, a word of caution is also appropriate here.
The quality of the abundance determination is also very dif-
ferent from star to star. For some objects, only relatively poor
optical spectra were analyzed, while others were scrutinized
with great care using high signal-to-noise ratio (S/N), high-
resolution optical and UV/far-UV (FUV) data. Nevertheless,
we think that the abundance scatter is real. The prototype PG
1159!035 displays what could be called a “mean” abundance
pattern: He/C/O p 0.33/0.50/0.17. For instance, an extreme
case with low C and O abundances is HS 1517"7403, which
has He/C/Op 0.85/0.13/0.02. Taking all analyses into account,
the range of mass fractions for these elements is approximately
He p 0.30–0.85, C p 0.15–0.60, and O p 0.02–0.20 (ex-
cluding the peculiar object H1504"65; see § 2.1.11). There is
a strong preference for a helium abundance in the range 0.3–
0.5, independent of the stellar mass (Fig. 3). Only a minority of
stars has a higher He abundance, namely in the range 0.6–0.8.
There is a tendency for high O abundances only to be found
in objects with high C abundances (Fig. 4).
Some remarks on the possible analysis errors are necessary.

As just pointed out, the observational data are of rather diverse
quality, but in general the following estimates hold. The tem-
perature determination is accurate to 10%–15%. The surface
gravity is uncertain within 0.5 dex. Elemental abundances
should be accurate within a factor of 2. The main problem
arises from uncertainties in line-broadening theory, which di-
rectly affects the gravity determination and the abundance anal-
ysis of He, C, and O.

2.1.3. Objects with Residual Hydrogen: Hybrid PG1159
Stars
We already mentioned that hydrogen is difficult to detect.

However, four objects clearly show Balmer lines, and they are

Werner & Herwig (2006)

Contracción de 
la envolvente

Contracción global

NP: el viento de la estrella

&$á&

9+,-./0~10 km/s
tamaño ~10!* pc
viento MUY importante

9+,-./0~ miles km/s
tamaño ~10!1 pc
viento importante

En estos dos tramos de la traza evolutiva, la estrella emite un 
viento importante.  Dada la diferencia en velocidades, el 
segundo alcanza al primero, produce un choque e infla una 
“burbuja caliente” adentro del primero, acelerándolo.  

Se apaga el viento.

A altas temperaturas, el viento depende de la 
luminosidad de la estrella, si cae la luminosidad, 
se espera que se apaga el viento.

La estrella tarda 
~2,000 años en 
ambos tramos. estrella de 2	%⊙
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Fig. 8. HR diagrams of the H-burning post-AGB sequences we computed for different masses and initial metallicities. Tracks are presented from
the beginning of the post-AGB phase when the H-rich envelope drops below Menv = 0.01 M⋆ to the moment in which the star has already entered
its white dwarf cooling sequence at L⋆ = L⊙. At that point gravitational settling should have already started to turn post-AGB stars into DA-WDs,
a process not included in the present computations. Red lines indicate computed isochrones for different ages since the zero point defined at
log Teff = 3.85. Thin gray lines in the Z0 = 0.001 and Z0 = 0.0001 panels correspond to the evolution of the Mi = 0.8 M⊙ He-burning sequences
shown in Fig. 10 (Mf = 0.4971 M⊙ and 0.5183 M⊙, respectively).

not depend strongly on Menv. The value τcross, in turn, gives the
timescale of the later post-AGB evolution when there is a tight
Teff − Menv relation, from the end of the early phase to the point
of maximum effective temperature. Our simulations show that
around log Teff ∼ 3.85 all our sequences have started the fast
part of the post-AGB evolution. In addition, at these tempera-
tures (and beyond) winds play only a secondary role in setting
the timescales. This makes timescales in the second phase more
reliable than in the early post-AGB phase. Splitting the post-
AGB timescale in τcross and τtr allows τcross to be a useful and
reliable quantity. The quantity τcross is then unaffected by our
lack of understanding of the early post-AGB winds and the ab-
sence of a clear end of the TP-AGB. We define τtr as the time
from the end of the AGB (taken at Menv = 0.01 M⋆) to the mo-
ment in which log Teff = 3.85, while τcross is the timescale from
log Teff = 3.85 to the point of maximum effective temperature.
The value of τcross is almost independent of the precise definition
and would have been practically the same if the initial point were
set at log Teff = 4 as in Vassiliadis & Wood (1994) and Weiss &
Ferguson (2009) or if we had adopted the definition of Blöcker
(1995a)5.

5 Blöcker (1995a) defines the end of the transition stage at the point
where the pulsation period P = 50 d, which also sets the zero age
for their post-AGB tracks. This definition corresponds to a point in the
HR diagram where the post-AGB object has log Teff = 3.78–3.90, de-
pending on mass.

Table 3 and Fig. 8 show the main post-AGB properties of the
H-burning sequences computed in this work. We emphasize the
extreme mass dependence of the post-AGB timescales. While
higher mass models (>∼0.7 M⊙) require only a few hundreds of
years to cross the HR diagram and only thousands of years to
fade two orders of magnitude, lower mass models (<∼0.55 M⊙)
require more than 10 kyr to cross the HR diagram and more
than 100 kyr to decrease their luminosity only by an order of
magnitude. The predicted post-AGB timescales do not depend
strongly on the initial metallicity of the population (i.e., iron con-
tent). A sudden decrease in timescales, around Mf ∼ 0.58 M⊙
for most metallicities, is apparent in both Table 3 and Fig. 9.
This corresponds to the transition from models that did, and did
not, undergo a HeCF in the previous evolution, i.e., models with
Mi = 1.5 and 2 M⊙ for Z0 = 0.02, 0.01, and to Mi = 1.25
and 1.75 M⊙ for Z0 = 0.001. These sequences end with sim-
ilar Mf but they reached the AGB with different HFC masses
(M1TP

c ; Table 2). Consequently, the time spent on the AGB and
the chemical and thermal structure of the core at the end of the
AGB are not the same. As discussed in Appendix A, the thermal
structure of the core and CNO enrichment of the envelope play a
key role in setting the properties of the post-AGB models. As a
result of a different 3DUP history, the composition of the enve-
lope is different, with models on the high-mass side of the tran-
sition showing more efficient 3DUP. Models on the high-mass
side of the transition have higher luminosities and less massive
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Fig. 8. HR diagrams of the H-burning post-AGB sequences we computed for different masses and initial metallicities. Tracks are presented from
the beginning of the post-AGB phase when the H-rich envelope drops below Menv = 0.01 M⋆ to the moment in which the star has already entered
its white dwarf cooling sequence at L⋆ = L⊙. At that point gravitational settling should have already started to turn post-AGB stars into DA-WDs,
a process not included in the present computations. Red lines indicate computed isochrones for different ages since the zero point defined at
log Teff = 3.85. Thin gray lines in the Z0 = 0.001 and Z0 = 0.0001 panels correspond to the evolution of the Mi = 0.8 M⊙ He-burning sequences
shown in Fig. 10 (Mf = 0.4971 M⊙ and 0.5183 M⊙, respectively).

not depend strongly on Menv. The value τcross, in turn, gives the
timescale of the later post-AGB evolution when there is a tight
Teff − Menv relation, from the end of the early phase to the point
of maximum effective temperature. Our simulations show that
around log Teff ∼ 3.85 all our sequences have started the fast
part of the post-AGB evolution. In addition, at these tempera-
tures (and beyond) winds play only a secondary role in setting
the timescales. This makes timescales in the second phase more
reliable than in the early post-AGB phase. Splitting the post-
AGB timescale in τcross and τtr allows τcross to be a useful and
reliable quantity. The quantity τcross is then unaffected by our
lack of understanding of the early post-AGB winds and the ab-
sence of a clear end of the TP-AGB. We define τtr as the time
from the end of the AGB (taken at Menv = 0.01 M⋆) to the mo-
ment in which log Teff = 3.85, while τcross is the timescale from
log Teff = 3.85 to the point of maximum effective temperature.
The value of τcross is almost independent of the precise definition
and would have been practically the same if the initial point were
set at log Teff = 4 as in Vassiliadis & Wood (1994) and Weiss &
Ferguson (2009) or if we had adopted the definition of Blöcker
(1995a)5.

5 Blöcker (1995a) defines the end of the transition stage at the point
where the pulsation period P = 50 d, which also sets the zero age
for their post-AGB tracks. This definition corresponds to a point in the
HR diagram where the post-AGB object has log Teff = 3.78–3.90, de-
pending on mass.

Table 3 and Fig. 8 show the main post-AGB properties of the
H-burning sequences computed in this work. We emphasize the
extreme mass dependence of the post-AGB timescales. While
higher mass models (>∼0.7 M⊙) require only a few hundreds of
years to cross the HR diagram and only thousands of years to
fade two orders of magnitude, lower mass models (<∼0.55 M⊙)
require more than 10 kyr to cross the HR diagram and more
than 100 kyr to decrease their luminosity only by an order of
magnitude. The predicted post-AGB timescales do not depend
strongly on the initial metallicity of the population (i.e., iron con-
tent). A sudden decrease in timescales, around Mf ∼ 0.58 M⊙
for most metallicities, is apparent in both Table 3 and Fig. 9.
This corresponds to the transition from models that did, and did
not, undergo a HeCF in the previous evolution, i.e., models with
Mi = 1.5 and 2 M⊙ for Z0 = 0.02, 0.01, and to Mi = 1.25
and 1.75 M⊙ for Z0 = 0.001. These sequences end with sim-
ilar Mf but they reached the AGB with different HFC masses
(M1TP

c ; Table 2). Consequently, the time spent on the AGB and
the chemical and thermal structure of the core at the end of the
AGB are not the same. As discussed in Appendix A, the thermal
structure of the core and CNO enrichment of the envelope play a
key role in setting the properties of the post-AGB models. As a
result of a different 3DUP history, the composition of the enve-
lope is different, with models on the high-mass side of the tran-
sition showing more efficient 3DUP. Models on the high-mass
side of the transition have higher luminosities and less massive
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mayor masa ⇒ evolución más rápida

la velocidad de evolución disminuye

Cuando termine la combustión nuclear, la 
evolución es muy rápida, pero luego se vuelve 
más lenta.  Entonces, la luminosidad de la 
estrella cambia rápidamente inicialmente.

900 años

Bertolami 2016, A&A, 588, A25

Masa inicial 
1.0 Msun
1.25 Msun
1.5 Msun
2.0 Msun
3.0 Msun
4.0 Msun

Masa final
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Fig. 8. HR diagrams of the H-burning post-AGB sequences we computed for different masses and initial metallicities. Tracks are presented from
the beginning of the post-AGB phase when the H-rich envelope drops below Menv = 0.01 M⋆ to the moment in which the star has already entered
its white dwarf cooling sequence at L⋆ = L⊙. At that point gravitational settling should have already started to turn post-AGB stars into DA-WDs,
a process not included in the present computations. Red lines indicate computed isochrones for different ages since the zero point defined at
log Teff = 3.85. Thin gray lines in the Z0 = 0.001 and Z0 = 0.0001 panels correspond to the evolution of the Mi = 0.8 M⊙ He-burning sequences
shown in Fig. 10 (Mf = 0.4971 M⊙ and 0.5183 M⊙, respectively).

not depend strongly on Menv. The value τcross, in turn, gives the
timescale of the later post-AGB evolution when there is a tight
Teff − Menv relation, from the end of the early phase to the point
of maximum effective temperature. Our simulations show that
around log Teff ∼ 3.85 all our sequences have started the fast
part of the post-AGB evolution. In addition, at these tempera-
tures (and beyond) winds play only a secondary role in setting
the timescales. This makes timescales in the second phase more
reliable than in the early post-AGB phase. Splitting the post-
AGB timescale in τcross and τtr allows τcross to be a useful and
reliable quantity. The quantity τcross is then unaffected by our
lack of understanding of the early post-AGB winds and the ab-
sence of a clear end of the TP-AGB. We define τtr as the time
from the end of the AGB (taken at Menv = 0.01 M⋆) to the mo-
ment in which log Teff = 3.85, while τcross is the timescale from
log Teff = 3.85 to the point of maximum effective temperature.
The value of τcross is almost independent of the precise definition
and would have been practically the same if the initial point were
set at log Teff = 4 as in Vassiliadis & Wood (1994) and Weiss &
Ferguson (2009) or if we had adopted the definition of Blöcker
(1995a)5.

5 Blöcker (1995a) defines the end of the transition stage at the point
where the pulsation period P = 50 d, which also sets the zero age
for their post-AGB tracks. This definition corresponds to a point in the
HR diagram where the post-AGB object has log Teff = 3.78–3.90, de-
pending on mass.

Table 3 and Fig. 8 show the main post-AGB properties of the
H-burning sequences computed in this work. We emphasize the
extreme mass dependence of the post-AGB timescales. While
higher mass models (>∼0.7 M⊙) require only a few hundreds of
years to cross the HR diagram and only thousands of years to
fade two orders of magnitude, lower mass models (<∼0.55 M⊙)
require more than 10 kyr to cross the HR diagram and more
than 100 kyr to decrease their luminosity only by an order of
magnitude. The predicted post-AGB timescales do not depend
strongly on the initial metallicity of the population (i.e., iron con-
tent). A sudden decrease in timescales, around Mf ∼ 0.58 M⊙
for most metallicities, is apparent in both Table 3 and Fig. 9.
This corresponds to the transition from models that did, and did
not, undergo a HeCF in the previous evolution, i.e., models with
Mi = 1.5 and 2 M⊙ for Z0 = 0.02, 0.01, and to Mi = 1.25
and 1.75 M⊙ for Z0 = 0.001. These sequences end with sim-
ilar Mf but they reached the AGB with different HFC masses
(M1TP

c ; Table 2). Consequently, the time spent on the AGB and
the chemical and thermal structure of the core at the end of the
AGB are not the same. As discussed in Appendix A, the thermal
structure of the core and CNO enrichment of the envelope play a
key role in setting the properties of the post-AGB models. As a
result of a different 3DUP history, the composition of the enve-
lope is different, with models on the high-mass side of the tran-
sition showing more efficient 3DUP. Models on the high-mass
side of the transition have higher luminosities and less massive
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Fig. 8. HR diagrams of the H-burning post-AGB sequences we computed for different masses and initial metallicities. Tracks are presented from
the beginning of the post-AGB phase when the H-rich envelope drops below Menv = 0.01 M⋆ to the moment in which the star has already entered
its white dwarf cooling sequence at L⋆ = L⊙. At that point gravitational settling should have already started to turn post-AGB stars into DA-WDs,
a process not included in the present computations. Red lines indicate computed isochrones for different ages since the zero point defined at
log Teff = 3.85. Thin gray lines in the Z0 = 0.001 and Z0 = 0.0001 panels correspond to the evolution of the Mi = 0.8 M⊙ He-burning sequences
shown in Fig. 10 (Mf = 0.4971 M⊙ and 0.5183 M⊙, respectively).

not depend strongly on Menv. The value τcross, in turn, gives the
timescale of the later post-AGB evolution when there is a tight
Teff − Menv relation, from the end of the early phase to the point
of maximum effective temperature. Our simulations show that
around log Teff ∼ 3.85 all our sequences have started the fast
part of the post-AGB evolution. In addition, at these tempera-
tures (and beyond) winds play only a secondary role in setting
the timescales. This makes timescales in the second phase more
reliable than in the early post-AGB phase. Splitting the post-
AGB timescale in τcross and τtr allows τcross to be a useful and
reliable quantity. The quantity τcross is then unaffected by our
lack of understanding of the early post-AGB winds and the ab-
sence of a clear end of the TP-AGB. We define τtr as the time
from the end of the AGB (taken at Menv = 0.01 M⋆) to the mo-
ment in which log Teff = 3.85, while τcross is the timescale from
log Teff = 3.85 to the point of maximum effective temperature.
The value of τcross is almost independent of the precise definition
and would have been practically the same if the initial point were
set at log Teff = 4 as in Vassiliadis & Wood (1994) and Weiss &
Ferguson (2009) or if we had adopted the definition of Blöcker
(1995a)5.

5 Blöcker (1995a) defines the end of the transition stage at the point
where the pulsation period P = 50 d, which also sets the zero age
for their post-AGB tracks. This definition corresponds to a point in the
HR diagram where the post-AGB object has log Teff = 3.78–3.90, de-
pending on mass.

Table 3 and Fig. 8 show the main post-AGB properties of the
H-burning sequences computed in this work. We emphasize the
extreme mass dependence of the post-AGB timescales. While
higher mass models (>∼0.7 M⊙) require only a few hundreds of
years to cross the HR diagram and only thousands of years to
fade two orders of magnitude, lower mass models (<∼0.55 M⊙)
require more than 10 kyr to cross the HR diagram and more
than 100 kyr to decrease their luminosity only by an order of
magnitude. The predicted post-AGB timescales do not depend
strongly on the initial metallicity of the population (i.e., iron con-
tent). A sudden decrease in timescales, around Mf ∼ 0.58 M⊙
for most metallicities, is apparent in both Table 3 and Fig. 9.
This corresponds to the transition from models that did, and did
not, undergo a HeCF in the previous evolution, i.e., models with
Mi = 1.5 and 2 M⊙ for Z0 = 0.02, 0.01, and to Mi = 1.25
and 1.75 M⊙ for Z0 = 0.001. These sequences end with sim-
ilar Mf but they reached the AGB with different HFC masses
(M1TP

c ; Table 2). Consequently, the time spent on the AGB and
the chemical and thermal structure of the core at the end of the
AGB are not the same. As discussed in Appendix A, the thermal
structure of the core and CNO enrichment of the envelope play a
key role in setting the properties of the post-AGB models. As a
result of a different 3DUP history, the composition of the enve-
lope is different, with models on the high-mass side of the tran-
sition showing more efficient 3DUP. Models on the high-mass
side of the transition have higher luminosities and less massive
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mayor masa ⇒ evolución más rápida

la velocidad de evolución disminuye

Cuando termine la combustión nuclear, la 
evolución es muy rápida, pero luego se vuelve 
más lenta.  Entonces, la luminosidad de la 
estrella cambia rápidamente inicialmente.

9,000 años

Bertolami 2016, A&A, 588, A25
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Fig. 8. HR diagrams of the H-burning post-AGB sequences we computed for different masses and initial metallicities. Tracks are presented from
the beginning of the post-AGB phase when the H-rich envelope drops below Menv = 0.01 M⋆ to the moment in which the star has already entered
its white dwarf cooling sequence at L⋆ = L⊙. At that point gravitational settling should have already started to turn post-AGB stars into DA-WDs,
a process not included in the present computations. Red lines indicate computed isochrones for different ages since the zero point defined at
log Teff = 3.85. Thin gray lines in the Z0 = 0.001 and Z0 = 0.0001 panels correspond to the evolution of the Mi = 0.8 M⊙ He-burning sequences
shown in Fig. 10 (Mf = 0.4971 M⊙ and 0.5183 M⊙, respectively).

not depend strongly on Menv. The value τcross, in turn, gives the
timescale of the later post-AGB evolution when there is a tight
Teff − Menv relation, from the end of the early phase to the point
of maximum effective temperature. Our simulations show that
around log Teff ∼ 3.85 all our sequences have started the fast
part of the post-AGB evolution. In addition, at these tempera-
tures (and beyond) winds play only a secondary role in setting
the timescales. This makes timescales in the second phase more
reliable than in the early post-AGB phase. Splitting the post-
AGB timescale in τcross and τtr allows τcross to be a useful and
reliable quantity. The quantity τcross is then unaffected by our
lack of understanding of the early post-AGB winds and the ab-
sence of a clear end of the TP-AGB. We define τtr as the time
from the end of the AGB (taken at Menv = 0.01 M⋆) to the mo-
ment in which log Teff = 3.85, while τcross is the timescale from
log Teff = 3.85 to the point of maximum effective temperature.
The value of τcross is almost independent of the precise definition
and would have been practically the same if the initial point were
set at log Teff = 4 as in Vassiliadis & Wood (1994) and Weiss &
Ferguson (2009) or if we had adopted the definition of Blöcker
(1995a)5.

5 Blöcker (1995a) defines the end of the transition stage at the point
where the pulsation period P = 50 d, which also sets the zero age
for their post-AGB tracks. This definition corresponds to a point in the
HR diagram where the post-AGB object has log Teff = 3.78–3.90, de-
pending on mass.

Table 3 and Fig. 8 show the main post-AGB properties of the
H-burning sequences computed in this work. We emphasize the
extreme mass dependence of the post-AGB timescales. While
higher mass models (>∼0.7 M⊙) require only a few hundreds of
years to cross the HR diagram and only thousands of years to
fade two orders of magnitude, lower mass models (<∼0.55 M⊙)
require more than 10 kyr to cross the HR diagram and more
than 100 kyr to decrease their luminosity only by an order of
magnitude. The predicted post-AGB timescales do not depend
strongly on the initial metallicity of the population (i.e., iron con-
tent). A sudden decrease in timescales, around Mf ∼ 0.58 M⊙
for most metallicities, is apparent in both Table 3 and Fig. 9.
This corresponds to the transition from models that did, and did
not, undergo a HeCF in the previous evolution, i.e., models with
Mi = 1.5 and 2 M⊙ for Z0 = 0.02, 0.01, and to Mi = 1.25
and 1.75 M⊙ for Z0 = 0.001. These sequences end with sim-
ilar Mf but they reached the AGB with different HFC masses
(M1TP

c ; Table 2). Consequently, the time spent on the AGB and
the chemical and thermal structure of the core at the end of the
AGB are not the same. As discussed in Appendix A, the thermal
structure of the core and CNO enrichment of the envelope play a
key role in setting the properties of the post-AGB models. As a
result of a different 3DUP history, the composition of the enve-
lope is different, with models on the high-mass side of the tran-
sition showing more efficient 3DUP. Models on the high-mass
side of the transition have higher luminosities and less massive
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Fig. 8. HR diagrams of the H-burning post-AGB sequences we computed for different masses and initial metallicities. Tracks are presented from
the beginning of the post-AGB phase when the H-rich envelope drops below Menv = 0.01 M⋆ to the moment in which the star has already entered
its white dwarf cooling sequence at L⋆ = L⊙. At that point gravitational settling should have already started to turn post-AGB stars into DA-WDs,
a process not included in the present computations. Red lines indicate computed isochrones for different ages since the zero point defined at
log Teff = 3.85. Thin gray lines in the Z0 = 0.001 and Z0 = 0.0001 panels correspond to the evolution of the Mi = 0.8 M⊙ He-burning sequences
shown in Fig. 10 (Mf = 0.4971 M⊙ and 0.5183 M⊙, respectively).

not depend strongly on Menv. The value τcross, in turn, gives the
timescale of the later post-AGB evolution when there is a tight
Teff − Menv relation, from the end of the early phase to the point
of maximum effective temperature. Our simulations show that
around log Teff ∼ 3.85 all our sequences have started the fast
part of the post-AGB evolution. In addition, at these tempera-
tures (and beyond) winds play only a secondary role in setting
the timescales. This makes timescales in the second phase more
reliable than in the early post-AGB phase. Splitting the post-
AGB timescale in τcross and τtr allows τcross to be a useful and
reliable quantity. The quantity τcross is then unaffected by our
lack of understanding of the early post-AGB winds and the ab-
sence of a clear end of the TP-AGB. We define τtr as the time
from the end of the AGB (taken at Menv = 0.01 M⋆) to the mo-
ment in which log Teff = 3.85, while τcross is the timescale from
log Teff = 3.85 to the point of maximum effective temperature.
The value of τcross is almost independent of the precise definition
and would have been practically the same if the initial point were
set at log Teff = 4 as in Vassiliadis & Wood (1994) and Weiss &
Ferguson (2009) or if we had adopted the definition of Blöcker
(1995a)5.

5 Blöcker (1995a) defines the end of the transition stage at the point
where the pulsation period P = 50 d, which also sets the zero age
for their post-AGB tracks. This definition corresponds to a point in the
HR diagram where the post-AGB object has log Teff = 3.78–3.90, de-
pending on mass.

Table 3 and Fig. 8 show the main post-AGB properties of the
H-burning sequences computed in this work. We emphasize the
extreme mass dependence of the post-AGB timescales. While
higher mass models (>∼0.7 M⊙) require only a few hundreds of
years to cross the HR diagram and only thousands of years to
fade two orders of magnitude, lower mass models (<∼0.55 M⊙)
require more than 10 kyr to cross the HR diagram and more
than 100 kyr to decrease their luminosity only by an order of
magnitude. The predicted post-AGB timescales do not depend
strongly on the initial metallicity of the population (i.e., iron con-
tent). A sudden decrease in timescales, around Mf ∼ 0.58 M⊙
for most metallicities, is apparent in both Table 3 and Fig. 9.
This corresponds to the transition from models that did, and did
not, undergo a HeCF in the previous evolution, i.e., models with
Mi = 1.5 and 2 M⊙ for Z0 = 0.02, 0.01, and to Mi = 1.25
and 1.75 M⊙ for Z0 = 0.001. These sequences end with sim-
ilar Mf but they reached the AGB with different HFC masses
(M1TP

c ; Table 2). Consequently, the time spent on the AGB and
the chemical and thermal structure of the core at the end of the
AGB are not the same. As discussed in Appendix A, the thermal
structure of the core and CNO enrichment of the envelope play a
key role in setting the properties of the post-AGB models. As a
result of a different 3DUP history, the composition of the enve-
lope is different, with models on the high-mass side of the tran-
sition showing more efficient 3DUP. Models on the high-mass
side of the transition have higher luminosities and less massive
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mayor masa ⇒ evolución más rápida

la velocidad de evolución disminuye

Cuando termine la combustión nuclear, la 
evolución es muy rápida, pero luego se vuelve 
más lenta.  Entonces, la luminosidad de la 
estrella cambia rápidamente inicialmente.

90,000 años

Bertolami 2016, A&A, 588, A25

La teoría de dos vientos

• Kwok et al. (1978) postularon que las nebulosas planetarias 
resultan de la interacción de dos vientos estelares:
• el viento emitido por la estrella progenitora cuando estuvo en su 

etapa AGB (viento denso y lento)
• el viento que emite la estrella central de la nebulosa planetaria 

(viento difuso y rápido)

• El choque de estos dos vientos produce una cáscara delgada 
en la cara “interior” del viento emitido en la AGB que vemos 
como la nebulosa planetaria. 
• En realidad, sabemos que es un viento más o menos 

continuo, pero hay dos épocas cuando es más fuerte.  Eso 
aproximan los “dos vientos” de Kwok et al. (1978).



La evolución del viento
En la AGB:

Mellema (1994, A&A, 290, 915)

Herwig (2005, ARA&A, 43, 435)

• Hay varias fases evolutivas.
• El viento es lento, del orden de 10 km/s.
• El viento es denso, la pérdida de masa puede alcanzar 10-4

M¤/año.

La evolución del viento
• Para la estrella central:

• la tasa de pérdida de masa 
disminuye con el tiempo.

• el viento es inicialmente lento, 
pero su velocidad aumenta con el 
tiempo.

• se espera que la velocidad 
eventual es función de la 
metalicidad.

• Obviamente, este viento rápido 
chocará con el viento lento de la 
AGB.

Mellema (1994, A&A, 290, 915)

Herwig (2005, ARA&A, 43, 435)



La evolución de la estrella central

Herwig (2005, ARA&A, 43, 435)

Mellema (1994, A&A, 290, 915)

• Inicialmente,
• la luminosidad bolométrica es constante.
• la temperatura aumenta rápidamente.

• Luego,
• la luminosidad cae rápidamente.
• la temperatura cae más lentamente.

• Como resultado, el número de fotones 
ionizantes varía fuertemente.

Se ioniza la cáscara 
nebular

Se ioniza 
la cáscara 
nebular

!!"#

La interacción hidrodinámica
• zona a: el viento estelar 

fluye libremente
• zona b: burbuja caliente; 

fase “energy driven”
• zona c: viento AGB 

chocado
• zona d: viento AGB no 

chocado
• C: punto de choque entre 

los dos vientos

• S1: choque interno (fase 
“energy driven”)

• S2: choque externo

Rozas et al. (2007, A&A, 467, 603)

Esto es lo que 
vem

os com
o la 

nebulosa planetaria.



¿Qué esperamos observar?

• La velocidad de expansión será inicialmente la del 
viento AGB, 5-15 km/s.

• Al pasar el frente de ionización, aumentará la 
velocidad de expansión por 5-6 km/s.

• Luego, la burbuja caliente acelerará la cáscara 
nebular por 5-10 km/s o más, dependiendo de la 
metalicidad.

• ¿Se apaga el viento estelar?  

Richer et al. (2010, ApJ, 716, 857)

¿Qué observamos?

Herwig (2005, ARA&A, 43, 435)

• Cuanto más evolucionadas las 
NPs, mayores  son las 
velocidades de expansión.

• Cuando termine la combustión 
nuclear, disminuye la velocidad 
de expansión.



Richer et al. (2010, ApJ, 716, 857)

The Astrophysical Journal, 771:114 (10pp), 2013 July 10 Pereyra, Richer, & López

(a) (b)

(c) (d)

Figure 10. We present the cumulative distribution of Vflow or CS luminosity for different subsamples of our objects that we used to test (a) whether PNe surrounding
high and low luminosity CS have the same bulk flow velocities, whether mature and HE PNe have (b) similar CS luminosities or (c) bulk flow velocities, and (d)
whether PNe with and without [N ii] λ6584 emission have similar bulk flow velocities. In all cases, the distributions differ at high statistical significance, based upon
the K-S and U tests (see text for details). For these tests, we use Vflow measured from the splitting of the Hα line (method 1, Figure 2). The numbers in parentheses
indicate the number of objects in each sample.

data set allows us to distinguish these general trends in spite of
these complications.

3.3. Statistical Tests

In Figure 10, we present cumulative distributions to quantify
the foregoing statistically. For the distributions in panels (b), (c),
and (d), we use Vflow measured from the splitting of the Hα line.
The results do not depend significantly upon this choice of data
and we obtain similar results using the data adopted for Figures 3
and 4. However, the comparison among objects is clearer if we
adopt a single emission line and measurement method for all
objects. The data set used in panels (a) and (b) is entirely drawn
from the Frew (2008) sample, which is volume-limited.

In panel (a), we plot the cumulative distributions of the bulk
flow velocities for PNe with CSs of high and low luminosity. We
divide the CS luminosities at a luminosity of L/L⊙ = 3.0 dex
because (1) it approximately divides between mature and HE
PNe (Figure 7), (2) it roughly divides the PNe between those
of higher and lower nebular excitation (Figure 9), and (3)
theoretically, we expect a gap in luminosity at about this
value because of the rapid decrease in luminosity following the
termination of nuclear reactions. The accumulated fraction is the
fraction of objects in a given sample with bulk flow velocities
below the value plotted, e.g.,

Accumulated Fraction(Vflow) = N (V < Vflow)
Ntotal

,

where Vflow is the abscissa value, N (V < Vflow) is the number of
objects with bulk flow velocities less than Vflow, and Ntotal is the

total number of objects in the sample. Thus, from the first panel
in Figure 10 we see that none of the high luminosity objects
have bulk flow velocities below 18 km s−1 and the majority
have bulk flow velocities exceeding 37 km s−1 whereas 80%
of the low luminosity objects have bulk flow velocities below
37 km s−1.

Two common tests for comparing such cumulative dis-
tributions are the Kolmogorov–Smirnov (K-S) test and the
Wilcoxon–Mann–Whitney non-parametric U-test (Wall &
Jenkins 2003). The K-S test uses the sample sizes and the maxi-
mum difference between the ordinate values of the two distribu-
tions to determine the probability that the two distributions may
be drawn randomly from a single parent distribution. The U-test
is conceptually similar to the Student’s t-test (Wall & Jenkins
2003) in that it uses the rank values of the data from the two
samples to derive statistics analogous to the mean and variance
and uses these to determine the probability that the two sam-
ples may be drawn randomly from the same parent distribution.
Using the K-S and U tests to compare the distributions for PNe
with high- and low-luminosity CSs in the first panel in Figure 10,
we find a 99% probability that they do not arise from the same
parent distribution. Note that we do not consider whether a given
PN falls in the mature or HE category for this comparison, but
we can only use the data for PNe with known CS parameters.

In panel (b) of Figure 10, we present the cumulative distri-
butions of the CS luminosity for mature and HE PNe, finding
extremely small probabilities (≪1%) from both the K-S and U
tests that the two distributions arise from the same parent distri-
bution. Clearly, HE PNe have lower luminosity CSs. Again, this

8

Pereyra et al. (2013, ApJ, 771, 114)

¿Qué observamos?

• Cuanto más evolucionadas las 
NPs, mayores  son las 
velocidades de expansión.

• Cuando termine la combustión 
nuclear, disminuye la velocidad 
de expansión.

Herwig (2005, ARA&A, 43, 435)

Resumiendo

• Las nebulosas planetarias son objetos dinámicos.
• Tanto la estrella central como la cáscara nebular 

evolucionan.  
• Su apariencia se debe a la interacción de la estrella 

central y la cáscara nebular.  
• Existen durante solamente ~10,000 años.
• Cuando la estrella central evoluciona muy lentamente 

(progenitora de baja masa), disipa la cáscara nebular 
antes de ionizarse.


