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Abstract 
  

 

 

 

This research, which is an MSc diploma work in engineering physics at Luleå University of 

Technology, investigates the properties and possible origins of the J-type carbon stars. In 

particular, it shows that R stars are almost certainly progenitors of some, but not all, J stars. It 

also shows that the evolution of an intermediate mass AGB star can produce properties seen in 

J stars, albeit for a short time only. This research concludes that the J stars come from more 

than one kind of progenitor star, and that a full explanation is still lacking. 

 

This research was undertaken at Monash University in Melbourne (Australia) as part of the 

exchange programme between the two universities.  
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Chapter 1     

 

Introduction 
 

This MSc thesis investigates the origin of J stars, a class of red-giant stars that has eluded 

understanding to date. These stars have some characteristics that can be understood as part of 

normal evolutionary processes, but they show such complications that no consistent picture 

has yet been able to describe their origin. Chapter 2 will discuss basic stellar evolution through 

a qualitative overview of the evolution of low and intermediate mass stars, with emphasis on 

the mechanisms and phenomenology of the structural and evolutionary changes. There we 

consider only the evolution up to the beginning of thermal pulses on the AGB (TP-AGB), with 

particular emphasis on the Asymptotic Giant Branch phase, which can produce some of the 

observed properties seen in J stars. This star‟s life starts from the main sequence and then it 

goes through the Red-Giant Branch (hereafter RGB) and Horizontal Branch to the ascending 

of AGB and onset of the thermally pulsing AGB or (TP-AGB). This explanation is given in 

terms of the position of the star in the Hertzsprung-Russell diagram at each stage of its 

evolution.  

Chapter 2 will also show the transition from one stage to another during the star‟s evolution 

caused by nuclear burning in hydrogen and helium cores. Also it will explain the mechanism 

for carbon stars to be formed by third dredge-up processes which make carbon in the envelope 

of the star. Moreover, it will give a complete picture of the formation of lithium in 

intermediate-mass stars by the Hot Bottom Burning mechanism. 

In Chapter 3 will overview each subclass R, J and N of carbon stars and their properties. 

Furthermore, it will go through the evolution of different types of the stars and the evolving of 

the spectral sequence CSCSMSM   along the AGB phase and then it will end up 

with carbon stars of N type. It will also give a picture about the silicate dust formation in J 

stars. 
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Chapter 4 will investigate if there is an evolutionary link between the R, J and N stars. This 

proposes that R stars evolve into J stars after core helium burning, and then in turn these 

evolve into N stars after the onset of thermal pulses. Furthermore, it will elucidate the 

mechanism of these transformations from one type to another. The R-J-N model will also 

discuss, and explains the silicate dust observed around J stars (only!). To examine that 

proposal we have constructed a Hertzsprung-Russell diagram from existing data for J stars in 

the Large Magellanic Cloud and we investigate the position of these stars in the Hertzsprung-

Russell diagram to determine where they may fit in the context of other peculiar stars, such as 

R and N types. The R and N stars are taken from Bergeat et al. (2002), and J stars are taken 

from the catalogue of Morgan et al. (2003). Some evolutionary calculations will be done to 

explore the possible origins of J stars. Furthermore, this chapter will explain and compare the 

properties of the R, J and N subclasses of carbon stars, and how they are related to each other 

in the Hertzsprung-Russell diagram.  

Chapter 5 will show the evolution of the surface properties of a 4 solar-mass star with 

metallicity Z= 0.004 during its time on the AGB. These graphs are made by a stellar evolution 

code at Monash University, and show that the conditions for the production of J stars do exist 

in AGB models. However, there is only a very short window in time where the star is both a 

carbon star ( 1/ OC ) and has a low CC 1312 /  ratio. The hot bottom burning that produces the 

enhanced C13  also destroys the C12 , so that OC /  is reduced below unity very soon.  

At the end are given some conclusions for the whole study, where we try to give, even to a 

small extent, an image that ties together the disparate features of these stars. 
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Chapter 2 

 

The Stages of the Stars Life 

 

This chapter gives an overview of the evolution of stars of masses M1 and M5 in view of 

the mechanisms and phenomenology of the structural and evolutionary changes. Also it will 

give a picture of the star, which begins its life on the main sequence continuing to ascend the 

AGB, and we discuss in particular the onset of thermal pulses on the AGB or (TP-AGB). 

Furthermore, such stars will go through the formation of carbon stars through thermal pulses 

and interior nucleosynthesis. The last part of this chapter will be about planetary nebulae and 

the stage of white dwarfs.  

 

2.1 The evolution of a low mass star at 1M 

 

At this stage the star is placed on the zero-age main sequence with a homogeneous chemical 

composition (Frost and Lattanzio 1995). Hydrogen in the core begins burning. The occurrence 

of the hydrogen burning does not go through CN cycling because the temperature is not 

sufficient. Furthermore CN cycling converts  C12  into N14  when CN cycling reaches 

equilibrium, and in turn these products transform outward of the region. Therefore the 

hydrogen burning goes through PP chains in low-mass stars. The occurrence of PP chains in 

hydrogen burning go via three steps; PPI, PPII and PPIII chains, given below.  
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When the star completes the central hydrogen exhaustion in its core, where the temperature is 

high, and a conversion of hydrogen and production of helium will result. Well, even before it 

is complete, any burning of H produces He . Once the star approaches the end of the main 

sequence the temperature raises high enough to cause CN- and ON-cycling. Then ON-cycling 

makes conversion of O16 into N14 . There are two ways to obtain N14 . The first way is the CN-

cycling, which converts C12  into N14 , and the second way is the ON-cycling, which converts 

O16  into N14 . After complete of the central hydrogen burning when all hydrogen has been 

converted into helium, the hydrogen burning continues in a shell that lies above the hydrogen 

exhausted core and is surrounding the hydrogen core. In turn, the hydrogen burning shell 

advances outward (in mass). Then the star evolves off the main sequence. At the same time the 

central helium core becomes electron degenerate and there is not any nuclear reaction in the 

core.  
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Furthermore, while hydrogen supply moves out from the core, an absence of nuclear energy 

generation results. This absence is covered by some gravitational energy release, which is 

caused by the contraction of the core. This gravitational energy is less than the nuclear energy 

generation (Frost and Lattanzio 1995). 

Thereafter the star ascends the First Giant Branch (FGB) which changes its properties. The 

radius grows and the outer envelope cools. Then the star‟s outer layer becomes convective 

(Blöcker 1999). In this case the convection plays an important role for the energy transport 

mechanism, which is caused by the increased opacity at lower temperatures. 

When the star approaches the Hayashi limit, the convection continues to extend inward. 

During ascent of the First Giant Branch, the convective envelope moves inward (in mass) to 

the region where partial hydrogen burning had previously taken place. When convection 

reaches into the interior, it dredges up some products of previous hydrogen burning. This is 

called the „‟first dredge-up‟‟, (FDU). This process yields an increase of N14 and a decrease of 

C12  in the envelope (Frost and Lattanzio 1995) 

The material produced after first dredge-up is the result of  hydrogen burning, including  CN 

cycling, which  produces material such as  NHe 144 , and C13 . The CN cycling is                                 
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                                               (2.4) 

In turn, these elements are mixed up to the envelope of this star by first dredge-up. During the 

ascent of the Giant Branch, the star‟s helium core contracts and heats, which, in turn, make the 

helium core, become denser and more degenerate. When the temperature is about 100 million 

Celsius, it is high enough to cause the ignition of the helium burning that occurs through triple 

alpha reaction: 

                                                            











OHeC

CHeBe

BeHeHe
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                                                   (2.5)                                          

The last reaction is not actually part of triple alpha, but it does contribute to the burning once 

there is some C present. 
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The extra energy released increases the local temperature and has no influence on the 

expansion of the degenerate gas. This is explained by the equation of state of a degenerate gas, 

which tells us that the pressure (in the limit of complete degeneracy) is given by  

                                                                  KP  .                                                             (2.6) 

This equation does not depend on the temperature. It explains why a degenerate gas differs 

from a normal gas whose pressure depends on the temperature. The released energy also 

causes an increase in the burning rate, which leads to further burning. That is known as the 

„„core helium flash‟‟ (Frost and Lattanzio 1995). Moreover, high density makes it possible for 

several neutrino processes to release energy from the core, which causes the high temperature 

to move outward from the core. At this stage, high temperature makes an ignition of the 

Helium burning which occurs via triple-alpha reaction (igniting then yields a “core helium 

flash”. 

Thereafter the star moves fast to the Horizontal Branch. At this stage, helium burning in a 

convective core and a hydrogen burning shell occur.  These two are energy sources and they 

will generate the star‟s luminosity. Helium burns into C12  and, in turn, increases the opacity in 

the core. Helium burning causes rising of the mass fraction of C12 and O16 , mentioned in 

equation (1.5) above. The Schwarzchild criterion for convection suggests that the outer region 

of the convective core becomes stable. On the other hand, the Ledoux criterion suggests that 

the region is unstable (Frost and Lattanzio 1995). This leads to a slow mixing called “semi-

convection” (Castellani et al. 1971 a, b). 

After exhausting the core He supply, the star approaches the last stage and ascends the giant 

branch for the second time. That is called the Asymptotic Giant Branch (AGB), which is 

divided into two phases. These are the early-AGB (E-AGB) and the thermally pulsing AGB or 

(TP-AGB). The core of this star has again become electron degenerate and the energy output 

of this star is provided by the helium burning shell, which is above the C-O core and hydrogen 

burning shell and lies above the helium burning shell. These two shells lie under the deep 

convective envelope, see figure 1.  
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Figure 1: The schematic structure of a AGB star.  
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2.2 The evolution of a massive star at 5M 

 

This star is five times as massive as the sun and has the same beginning of its evolution as the 

low-mass star mentioned earlier. But the difference between them is that the higher 

temperature in the core makes CNO cycling the head source of hydrogen burning. 

Simultaneously the convective core becomes developed, because of the high temperature due 

to the reaction that has occurred through CNO cycling. The star leaves the main sequence 

when it exhausts the hydrogen burning. Then this burning of hydrogen continues in a shell 

outside the core, and converts hydrogen into helium, via the CNO-cycling:  
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After converting of the central hydrogen into helium, the hydrogen burning shell, which lies 

above and on the edge of the hydrogen exhausted core, is formed.  

When the star ascends the giant branch it evolves towards a larger radius and lower 

temperatures in the envelope. Convection becomes the energy transport mechanism, and is 

caused by the increased opacity at lower temperatures. Then this convection continues 

extending inward and the convective envelope moves inward (in mass) to the region where the 

earlier hydrogen burning had been. In turn that convection extends into regions of previous 

CNO-cycling, which produced N14  and C13  from C12  and O16 , these products are dredged.  
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This is called First Dredge Up. The same process occurs in the low mass stars. First dredge up 

increases the envelope in N14  and 
13

C and decreases it in C12  and O16 . Thus it can be noted 

that massive stars ( M5 ) are different to the stars in low mass ( M1 ), since the convection in 

the latter reaches into the region where ON cycling has occurred.  

When the star approaches this stage of core helium burning, it differs from the low mass at this 

point. The core is hot and not dense as in low mass stars, which have a denser core. Thereafter 

the star avoids the degenerate ignition that occurs in the low mass. This star starts its evolution 

with two energy sources: a helium burning and hydrogen burning shell. There He4  burns into 

C12  and, in turn, reacts with alpha to give O16 .  

After completion of the central helium exhaustion, the star begins ascending the asymptotic 

giant branch. At the beginning of the ascent, a production of energy occurs from the helium 

shell while the hydrogen shell is pushed out to lower temperatures, and, in turn, the hydrogen 

burning turns off. The further cooling makes an increase of opacity in the outer layer, and the 

convection advances inwards into the earlier hydrogen burning shell. Then the products of 

hydrogen burning, helium and N14 , formed from CNO cycling dredge up into the envelope. 

This is called the Second Dredge-Up (Frost and Lattanzio 1995). 

The mixing of N14  into the envelope,  which is caused by second dredge up, makes an 

increase in N14  and decrease in C12  and O12 in the envelope of this star. The next step 

happens that dredge up makes re-ignited to the hydrogen shell and at the same time the first 

thermal pulse be done after the star has approached the thermally pulsing AGB (TP-AGB). 

The Asymptotic Giant Branch evolution is divided into two phases; the early (E-AGB) and 

thermally pulsing AGB (TP-AGB) (Iben and Renzini 1983). When the star is in the E-AGB 

stage, it has the core helium exhaustion and the formation of helium shell that generates the 

high luminosity. This causes an expansion of the star, and the hydrogen shell turns off. After 

that the expansion causes the cooling of the outer layers and an increase of the opacity. Thus 

the convection appears as the energy transport mechanism. Thereafter the second dredge up 

phase starts. The helium shell proceeds outward because of the burning, and at the same time 

the hydrogen shell is pushed inward by the second dredge up, so that both shells lie close 

together.  
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In the core, firstly helium burning produced C12  from the triple-alpha reactions, as mentioned 

above in equation (1.5). When there is sufficient C12  it reacts with alpha to produce O16   with 

convective core mixes in helium, and the shell burning produces C12  and O16 . This star shows 

an expansion in radius, because the hydrogen shell is advanced outward by the energy. This 

energy is released from the helium shell, and, in turn, the second dredge up moves it inward in 

mass, which makes the helium shell move outward and become thinner. Finally the CO core 

becomes very compact with a radius of R01.0 . Then the helium and hydrogen shells have the 

same mass and are very close together in radius (Sackmann and Boothroyd 1991). 

At this stage, the star approaches the thermally pulsing AGB. The CO core of AGB star was 

created by the helium burning, and it will be the final white dwarf remnant. The structure of 

the star at this stage is that the helium shell lies above the CO core and the helium shell is 

thermally unstable. This results in thermal pulses. Above the helium shell there an intershell 

region, which lies between the helium and hydrogen shells. Above the hydrogen shell is the 

convective envelope. The helium shell provides some L710 for a short period, that caused by 

a thermal pulse. This huge energy production drives the formation of a convective zone. This 

“flash driven intershell convection” stretches in to the region where the helium burning shell 

ignites, this will mix the products of partial helium burning throughout this region. This 

convective zone contains about 25% carbon and 75% helium. Immediately thereafter the pulse 

causes the decreasing in helium luminosity and expansion of the star. That causes the 

hydrogen shell to shut down, and the bottom of the convective envelope is pushed inwards in 

mass. After some pulses, the convective envelope reaches into the region that contains the 

flash-driven convective zone. That causes mixing of produced carbon into the envelope. This 

is called “Third Dredge-Up” (Frost and Lattanzio 1995). More details will be given in section 

2.3.  

Now the star starts to contract back to its usual configuration. Then the hydrogen shell begins 

to re-ignite and generates all the energy of the following interpulse phase before receiving the 

next pulse. For more massive stars above M4  some nuclear reactions in the bottom of the 

convective envelope, occur and penetrate into the top of the hydrogen shell. That is known as 

“hot bottom burning” (HHB). More details will be given in section 1.5. When the envelope of 

the star, which is on the AGB phase, becomes thin it will evolve off the AGB, due to the mass 

loss.  
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Figure 2: The schematic structure of the He-shell burning. 
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Figure 3: This Hertzsprung-Russell diagram shows the approximate positions of the main sequence. 

The first giant branch (FGB), the horizontal branch (HB) and the asymptotic giant branch (AGB) are 

labeled. 
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2.3 Third Dredge-Up: Making carbon stars 

 

This section gives an overview about how an AGB star becomes a carbon star through thermal 

pulses. Since most of the stars are born with 1/ OC  , this carbon enrichment must result 

from a mixing process that causes the envelope to enrich with carbon. These stars are carbon-

rich and they have 1/ OC  in the envelope (Abia 2003). The carbon enrichment of the carbon 

stars is the result of the downward penetration of the convective envelope after each thermal 

instability or thermal pulse (TP) (Schwarzchild and Härm 1965). The simultaneous operation 

of thermal pulses TP and the third dredge-up TDU along the AGB phase result in eventual 

transformation of an O-rich star into a carbon star.  

We will now explain the third dredge up and its mechanism to show how „‟dredge up‟‟ of the 

products of nuclear burning, which occurs in the star, alter the envelope composition so that it 

will be enhanced in C12 . 

The helium burning shell of the star is thermally unstable and has a periodic outbursts known 

as “shell flashes” or “thermal pulses”. These thermal pulses will go through four phases in the 

“third dredge-up” process (Sackmann and Boothroyd 1991, Sackmann 1977).  

a. The “off” phase. During this phase the hydrogen shell generates the star‟s surface 

luminosity. This phase continues for 410  to 510  years, depending on the core mass. It 

occurs for a star that has the structure of an early AGB star. 

b. The “on” phase. It happens when the helium burning shell experiences its instability, 

and produces luminosities around L810 . Then the produced energy which is liberated 

from the helium burning is higher than the radiation‟s capacity to carry it. At the same 

time the convective shell forms and expands from the helium shell to almost touch the 

hydrogen shell. The amount of He4  is 75% and the amount of C12  is 22% in the 

convective zone. This phase lasts for about 200 years. 

c. The “power down” phase. During this phase the helium shell starts to turn off and the 

intershell convection also turns off. The earlier liberated energy produced from helium 

burning makes an extension to the intershell region, which causes a decreasing 

temperature and density, and the H shell is extinguished. 
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d. The “dredge-up” phase.  This phase makes the liberated energy, which is caused by the 

shell flash, advance from the stellar core into convective envelope of the star. That 

increases the luminosity coming from the core, and then the convection extends inward 

in mass. When the envelope convection enters the mass region that earlier had a place 

in the intershell convection, a dredge-up of some C12  produced by the helium burning 

shell. Then it will be mixed into the envelope of the star. This is known as „„third 

dredge-up‟‟ (Iben and Renzini 1983).  

The efficiency of the third dredge-up is defined by a parameter , which is the ratio of the 

masses.  

                                                                     

                                                              
c

dredge

M

M




 .                                                          (2.8)  

Where, dredgeM  is the amount of mass dredged up by the convective envelope during one 

thermal pulse, and cM is the amount of mass through which the hydrogen shell has moved 

during the “off” phase. The evolutionary calculation shows that 3.0 for lower masses, and 

0.1  for  MM 5 . 
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Figure 4: Details of interior evolution with time during one thermal pulse (top) and for two consecutive 

pulses (bottom). 
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2.4 The production of s-processes, C12  and C13
 

 

In the thermally unstable helium shell, nuclear reactions produce C12  from He4  through 

triple-alpha reactions, as in equation (1.4). Once the intershell convection zone extends, it 

mixes He4 down to the outer layer of the star while C12  mixes outward by the convection. 

Most of the intershell region from the bottom of the helium shell to the hydrogen shell is 

homogenous. This is caused by the intershell convective zone. Then the third dredge-up phase 

mixes C12  from the outer layer of this region to the envelope, which becomes rich in C12 . 

Finally the repeating of the dredge-up process results in the star becoming carbon star. This 

means that there are more carbon atoms than oxygen atoms in the envelope of the star. 

Probably the most important nucleosynthesis to occur is after the production of C12 , when the 

slow neutron capture causes the s-process. In the beginning, the hydrogen shell burns by CNO 

cycles that in turn yield N14 . Throughout the following flash cycle this N14 is mixed inward 

to the region where the temperature is higher (Iben 1975). After that the reactions are   
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.                                                 (2.9) 

 

Thus the intershell region would be rich in Ne22 . When the temperature is sufficiently high, 

about 300 million K, this reaction takes place: 

                                                            MgnNe 2522  .                                              (2.10) 

It releases neutrons, which would be captured by many elements, such as Fe56  and its 

offspring. That yields a distribution of s-process elements. A range of observations points to s-

process enhancement in AGB stars with masses  M31 , which means that they have smaller 

cores and cooler intershell convective zones.  
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That does not allow Ne22  to be the neutron source. Therefore an alternative neutron source is 

required. Iben and Renzini (1982) suggest  

                                                              OnC 1613  .                                                 (2.11) 

That reaction occurs at lower temperatures, about 100 million K, but the amount of C13  

produced from CNO cycling in the intershell is not enough to obtain the required amount of 

neutron. The following step shows how C13  forms and obtains neutrons. 

The extension of the intershell region can give the outer layer of the earlier intershell 

convective zone a low temperature of about 1 million K, and then the carbon atoms would 

join. That occurrence is caused by a strong thermal pulse, as discovered by (Sackmann 1980, 

Iben 1982) and (Iben and Renzini 1983). The next step is forming a small semi convective 

zone at the bottom of the hydrogen envelope throughout the third dredge-up phase. This causes 

mixing inward of some protons into the C12  enhanced region. Then an interpulse phase causes 

the star to contract and heat again. The C12 captures a proton and produces N13 , which would 

go through positive beta-decay to produce C13 . In positive beta-decay, a proton decays into a 

neutron, a positron, and a neutrino: 

                                                                 enp                                                    (2.12) 

To obtain C13  requires that there are not too many protons present. If there is a large amount 

of proton captures then the CN cycle would produce of in N14 . If there are fewer protons then 

the reaction instead, ends with an enhanced abundance of C13 . In the next thermal pulse the 

intershell convective zone would engulf this C13 , and then release neutrons in the intershell 

convective zone via the reaction          

OnC 1613   

The fact above is changed by Straniero et al (1995). The new result is that the C13  burns in situ 

between the thermal pulses, rather than engulfing of the intershell convective zone. This 

process causes the neutrons to be released in situ, and the s-process occurs between pulses in 

the same layers where C13  was put down after the dredge-up phase. When the next intershell 

convective zone occurs, it consumes this layer and hence also the s-process elements 

previously produced by the C13  source (Frost and Lattanzio 1995). 
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We are not sure that the recombination of carbon causes the mixing. It might also be some 

partial mixing caused by entrainment or overshooting, or even gravity waves at the bottom of 

the convective zone. We know that it happens, but we do not know the exact mechanism! 

 

 

 

Figure 5: Kippenhahn diagram showing the time variation of various mass boundaries during the 

thermal pulse peak. Note the intershell convective region that develops and spreads from the He shell 

(the top of the CO core) almost to the H shell, and the ensuing dredge-up. 
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Figure 6: Some partial mixing of H downward is believed to occur at the maximum extent of the third 

dredge-up.  

 

 

Figure 7: The H is now in a region rich in C12
 so when the region heats it produces C12

, which then 

captures an alpha particle to produce a neutron. 
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Figure 8: The neutrons are captured by Fe and other heavy elements to make the s-process species. 

 

 

Figure 9: At the next thermal pulse this material, rich in s-process elements, is engulfed in the 

intershell convective zone. 
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Figure 10: This is then in turn dredged into the envelope, where it is observed through stellar 

spectroscopy. 
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2.5 Hot bottom burning and production of lithium 

 

Hot bottom burning means that the convective envelope of a star extends downwards into the 

top of the hydrogen burning shell. The bottom of the envelope, which is reached and 

penetrated in the hydrogen burning shell, causes some nuclear processing (Frost and Lattanzio 

1995). The mechanism of the productions of Li7  in the hydrogen shell needs the hot bottom 

burning (HHB), as suggested by Cameron and Fowler (1971). The start of that process is that 

the remnant of the He3 , which is a result from the previously hydrogen burning at the bottom 

of the convective envelope. The He3  can capture an alpha particle at the bottom of the 

convective envelope, which yields Be7 . When Be7  has been produced, it will go through two 

alternative ways. The first way is that the Be7  in the high temperature reacts with a proton, and 

then it continues to complete the PPIII sequence. The second way is that the Be7  can capture 

an electron, and then it decays into Li7 after which it can capture a proton to complete the PPII 

sequence. The Cameron-Fowler Beryllium Transport Mechanism is (Sackman et al. 1974), 

(Scalo et al. 1975) 
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Then  
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.                                                   (2.14) 

 

That is, the first way, which completes PPIII, and the second way which is going through PPII 

is       

                                                            HepLi 47   .                                                   (2.15) 
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The convection within a thin hot bottom in the hydrogen burning shell can complete these 

criteria, which were proposed by Cameron and Fowler, but without an “observational 

motivation”. Such a motivation was given by Wood et al. (1983), who found that there were 

many AGB stars in the Magellanic Clouds that were very bright and that were not carbon stars. 

They were also rich in Li. But we know that the brightest stars have experienced many thermal 

pulses that cause a sequence of dredge-ups, when they ascended the AGB, and then the C12  

would be dredged-up to become carbon stars. Wood et al. suggested that hot bottom burning 

results in  the CN, cycling which occurs in the hot envelope and that could make it possible to 

burn the added  C12  into N14 . Later Smith and Lambert (1990) expected that these stars have 

Li7  which is produced by hot bottom burning via the Cameron and Fowler mechanism which 

is explained above. They found that all these bright AGB stars of type M have strong Li lines.  

 

2.6 Mass Loss 

 

The stars along the AGB phase will evolve through continuously increasing mass loss. 

Observations indicate winds rates of yrM /10 7



  for small-period Mira stars and up to 

yrM /10 4



  for luminous long period variables (Wood 1997). These winds are generated by 

pulsating stars envelope and radiation pressure on the grains that form in the cool envelopes. 

For the period of the thermal pulses, an AGB star is not only experienced from strong variation 

of its interior luminosity contributions, but also from modulations of its surface luminosity and 

radius that yields variations of mass loss (Blöcker 1999). The thermal pulses result in an 

increasing mass loss rate. Finally the mass loss ends the AGB evolution when the envelope 

mass is reduced to a few 

 M210 . Then the star evolves off the AGB into the regime of central 

stars of planetary nebulae and finally reaches the stage of white dwarfs (Schönberner 1979) 
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Chapter 3  

Carbon Star Classes and Properties  

This chapter gives an overview of each subclass of carbon stars (R, J and N) and explains the 

properties of each subclass. Furthermore, it will go through the evolution of different the types 

of the stars along AGB phase and then it ends up with carbon stars. At the same time it 

explains the mechanism for carbon star formation.  

3.1 Overview of carbon stars 

There are two main groups of stars in the asymptotic giant branch AGB phase. These groups 

are oxygen rich stars of M type and C-rich stars of type C. The chemical composition of the 

interstellar medium is oxygen-rich. Thus, most stars are created with a OC / ratio lower than 

unity. This is in contrast to the other group, carbon-rich stars of C type, with a OC / ratio more 

than unity. The C-classification is further divided into different classes, which we discuss 

below. The circumstellar spectra of oxygen-rich stars and carbon-rich stars on the AGB phase 

show 7.9 µm and 18µm silicate features in emission or absorption (Merill and Stein 1976) and 

3.11 µm SiC emission feature.  During evolving along the AGB, the spectral sequence changes 

in this manner:                                        

                                                    CSCSMSM  .                                              (3.1) 

Along the asymptotic giant branch AGB phase the C12  content in the envelope of these stars 

increases with third dredge-up. The AGB spectral types MS and S have a 1/ OC  ratio 

(Smith and Lambert 1985), which means that the oxygen atoms are more numbers than carbon 

atoms in their envelope. The SC stars have 1/ OC  (Lloyd Evans 1983, Abia and Wallerstein 

1998), with oxygen atoms equal to carbon atoms in its envelope. This increase of carbon or 

C12  is caused by mixing of He -burning products mostly of C12  and s-process elements by the 

convective envelope through the third dredge-up mechanism, which is caused by the thermal 

instability pulsing of the He -shell in the interior of the star (Iben and Renzini 1983). After a 

repeated third dredge-up process carbon stars are created. These stars are seen along the AGB  
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with a 1/ OC  in their envelope. The third dredge-up (TDU) process enriches also the 

envelope of the star in s-elements. The release of the required neutrons for the s-process occurs 

via two reactions, see equations (2.9) and (2.10) in chapter 2. The s-nuclei enrichment 

increases along the spectral sequence, which is mentioned above. That spectral classification 

of carbon stars shows that only the carbon stars of type N stars are AGB stars, which are 

caused by the dredge-up process and classified as intrinsic carbon-rich (Wallerstein and Knapp 

1998).  

 

There are two cases for the transfer of carbon-rich material. The first case is named extrinsic 

carbon stars and the second one is named intrinsic carbon stars. In the first case, the origin of 

the carbon-rich material is caused by a binary system, where, for instance, the stars of the CH 

spectral type obtain most of their carbon enhancement from a companion, which is now a 

white dwarf (Luck and Bond 1991, Vanture 1992a, b, c). In the second case, the intrinsic 

carbon stars obtain their carbon enrichment from nuclear processing in their interiors through 

third dredge-up (TDU) after each thermal pulse (TP) (Schwarzschild and Härm 1965), which 

is explained above and in chapter 2. Carbon stars are divided into subclasses N, R and J. The 

next section goes through each one of them. 
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3.2 N stars  

 

The N  stars form a subclass of carbon stars. They are normal carbon stars (Keenan 1993), 

whose spectra are very complicated because of their strong molecular band absorption and low 

temperatures. N stars are the most abundant carbon stars. They are variable stars, which mean 

that they are changing in brightness, effective temperature and radius. Their effective 

temperature was found to the typically 2850 K (Lambert et al. 1986), but (Ohnaka and Tsuji 

1996) found higher effective temperatures at ~ 3000 K. The carbon and SiC dust in their 

circumstellar envelope are seen in infrared emission. The Fe abundances in N stars are 

typically solar (Lambert et al. 1986). These N stars are usual result of the continuous mixing 

of carbon by the convective envelope through the third dredge-up mechanism into the 

envelope after each thermal pulse. They have a place in the tip of the AGB spectral sequence.  

                                             

A value of 6.1/ OC  was determined by Lambert et al. (1986), while the many planetary 

nebulae (PN), as the final outcome stage of the AGB phase, have  2/ OC  (Parthasarathy 

1999). The different OC /  these values may be associated with diverse initial composition, as 

stellar models predict much larger OC /  ratios at lower metallicities. Furthermore, the value of 

OC /  ratio increases during the AGB phase until, mass loss comes to an end of the evolutions.  

 

Through detailed analysis of s-elements in N stars Utsumi (1970, 1985) showed that these 

N stars are characteristic of solar metallicity, which was confirmed by the low resolution 

spectra. The enrichment of the s-nuclei increases continually during the AGB phase evolution 

into the outcome planetary nebula. Moreover, a study by Abia et al. (2001, 2002) shows that s-

nuclei enhancement during the AGB phase was derived from the high-resolution spectra and a 

more extended sample of N stars that confirmed to be near solar metallicity. That results in the 

average of the quantitative s-element abundances value in equation (2.2), which is lower than 

the value estimated by Utsumi. 
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  10.067.0/  Fels  

                                                                          &                                                                  (3.2) 

  29.052.0/  Fehs . 

 

 

Here ls is the mean low s-elements abundance and hs is the mean heavy s-elements content. 

 

The value of OC /  is larger than unity in a sample of N stars (Abia et al. 2002). There is a 

speculative theory that S stars with 8,0~/ OC  can become carbon-rich through some thermal 

pulses and third dredge-up process, and then the carbon atoms will be as frequent as oxygen 

atoms in the envelope, that is 1/ OC . The s-process element enhancement in the envelope 

increases slightly. Thus Abia et al. (2001, 2002) hypothesized that N stars have just recently 

become C-rich. Then the star evolves during the AGB phase and becomes carbon and s-

element-rich in its envelope through third dredge-up after each thermal pulse. 

 

The s-process proposes low-mass stars as probable close relative to )(NC giants. The main 

neutron source in the low mass stars is C13 . It burns at low temperatures, 8 keV. The C13  

burning occurs throughout the interpulse phase (Straniero et al. 1995), which results from the 

formation of a C13  rich pocket in the intershell region. But the neutron source in the rarer 

AGB intermediate-mass stars is Ne22  at higher temperature in thermal pulses than in low mass 

stars. In addition, the mass magnitude of the He intershell region between the H shell and the 

He shell is less in intermediate mass stars than in lower mass AGB. That causes the s-process 

element which is formed from the thermal pulses to be less diluted by convective motions. The 

choice of the C13 -pocket in the intermediate mass case is less active than when it is in the low 

mass AGB (Busso et al. 2001). The difference in the neutron density is caused by the two 

different neutron reactions, Abia et al. (2001) showed, based, that N stars have a low mass, 

 MM 2 , on that discussion above.  

There is another observation of a CC 1312 /  ratio that depends on the mass of the N stars. There 

are different values of that ratio, estimated by different authors. Lambert et al. (1986), de 

Laverny and Gustafsson (1998, 1999) and Schöier and Olofsson (2000) estimated the value of 
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that ratio about 60, while Ohnaka and Tsuji (1996, 1998) estimated a value lowers than 30. On 

the other hand Abia et al. (2002) obtained the low value 25/1312 CC . These different values 

of the CC 1312 /  ratio depend on “spectroscopic feature indicator, model atmospheres, 

interpretation of the differences between circumstellar and photospheric ratios” (Abia et al. 

2003). 

 

The percentage of carbon stars that are Li-rich is 2-3 % and a small number of these stars are 

super Li-rich (Abia et al. 1993). The lithium enhancement observations and C13  in the N stars 

are based on the deep mixing mechanism because of the low mass of the N stars (Charbonnel 

1995, Charbonnel and Balachandran 2000). They suggest an explanation in terms of deep 

mixing for the high Li abundances found in low mass RGB stars. A similar mechanism might 

work in the AGB phase. However, that contrasts with the operation of the Cameron and 

Fowler (1971) mechanism at the bottom of the convective envelope, which occurs via hot 

bottom burning mechanism (Sackmann and Boothroyd 1992).  
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3.3 R stars 

 

The second most abundant group of carbon stars after N stars are probably R stars. The R stars 

are much hotter than N stars, with temperatures, between 4500 and 5000 K. The R stars are 

carbon stars, thus they have 1/ OC . The Fe abundances in R stars are somewhat lower than 

those in N stars (Dominy 1984), which is in agreement with the suggestion from radial 

velocity measurements that R stars are old disk stars (Eggen 1972 b). In contrast to N stars, R 

stars are often nonvariable. Dust is actually absent in R stars (Lloyd Evans 1986). These R 

stars are divided into further groups, early or warm R stars, with spectral types R0–R4 and 

atomic line spectra like normal K giants, except that they are C-rich. The other group is late or 

cool R stars, and their spectral types are R5–R8. They look like N stars.  

 

The low temperature of the early R stars does not follow the AGB spectral sequence 

 

                                                 CSCSMSM  .                                                 (3.3) 

 

The chemical analysis of a few warm R stars yields no sign of s-element enhancements and 

they have a low value of the carbon isotopic CC 1312 / ratio (Dominy 1984). Furthermore, the 

study of the kinematics and luminosity properties was done by Vandervort (1958) and 

confirmed by Knapp, Pourbaix and Jorissen (2001) and Pourbaix (2003). These works together 

with Hipparocas parallaxes of galactic carbon stars, showed the location of warm R stars in the 

H-R diagram, and they are in the same region as the red clump stars in globular clusters: 

 

                                               325.05.2 0  KVandM K .                                   (3.4) 

 

This shows that the warm R stars are core-He burning, and they are not AGB stars. Moreover, 

the mean KM magnitude of warm R stars is five magnitudes fainter than the KM magnitude of 

typical N stars. That is confirmed by the observational fact that most warm R stars are not 

variable and they have no mass loss (Le Bertre 1987). Alternatively, the kinematics of warm  

 

 

 

31 



 

R stars is typical for thick-disk stars, which shows that they might belong to a different 

population that is less massive than the N stars which they have a thin-disk kinematics 

(Claussen et al. 1987). 

 

There have been hypotheses as to how the R stars can become carbon rich. There is an 

interpretation shows that R stars obtain their carbon via mass transfer in a binary system. That 

contrasts with study of a sample of 22 warm R stars, which did not show any sign of binarity 

(McClure 1997).  McClure concluded that since not one R star is binary then most likely all R 

stars were binaries in the past and they just merged. Furthermore Cole and Deupree (1980) 

suggested that these stars lie on the red clump region and have enriched the envelope with 

carbon which is caused after the He-core flash. This means that these stars are intrinsic carbon 

stars. That suggestion is supported by Dominy (1984) via a detailed chemical analysis. He 

showed that warm R stars have no s-process element enhancements, as would be expected in 

normal AGB carbon stars. The further chemical properties of these stars are low ratio 

10/1312 CC , normal oxygen isotopic ratios, and near solar metallicity. Also, these R stars 

have no lithium. These properties limit the nonstandard mixing mechanism, which explains the 

transport carbon into the envelope during the He-flash. The late or cool R stars are on average 

typically brighter than warm R stars and they are in the same region as N stars (Pourbaix and 

Jorissen 2001). We adopt the assumption that the cool R stars are mis-classified and are really 

N stars. The classification of such a spectrum into R or N seems arbitrary. 

 

The low mass ( M1 ) stars with solar metallicity, which are caused by the He-flash, do not 

have the third dredge-up mechanism, and their carbon and s-elements do not dredge up into 

the envelope like N stars on the AGB phase. These stars are presumably R star precursors. 

 

The study of the possible s-element enrichment suggests that warm R stars are related to K and 

M giants of similar metallicities, except for their higher carbon abundance. But the cool R stars 

look like normal N stars (or J – see below) except for the lack of s-element enhancement, 

which could be explained by them being recently on the AGB. 
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3.4 J stars 

 

The J type stars were named by Bouigue (1954), and they form a subclass of carbon stars with 

strong C13  bands. Bouigue classified the carbon stars with the CN13  band (6260 Å) into two 

groups; the strong C13  and the weak C13 . At the same time Gordon (1968) called J type stars 

“ 6168”, due to their strong  2,01312 CC  band at 6168 Å. In general, 10/1312 CC  was for J 

stars. But Yamashita (1972, 1975a) challenges that by the  C13  index as ratio of the isotopic 

carbon bands as a result of C13  to the normal carbon bands, on an arbitrary scale. Yamashita 

defined a carbon star as J type when its C13  index is more than or equal to 4. These are 

variable stars and are often surrounded by dust shells. In addition to SiC emission, the cool J 

stars also show silicate emission that is indicative of silicate dust in their shells (Little-Marenin 

1986). 

 

Moreover the J stars show very strong CN  and 2C bands and crowded spectra.  J stars are 

known through their typical properties and the intensity of these bands. The most important of 

the chemical properties is the low CC 1312 /  ratio, which is close to the CNO cycle equilibrium 

value (~3) and hence J stars are C13  rich. Spectroscopy yields that J stars are similar to the late 

or cool R stars. Furthermore the chemical analysis shows these stars have the same abundance 

patterns as the warm R stars (Abia and Isern 2000, Dominy 1984). But there is a difference in 

Li that relates to the sample of 15 galactic J stars analyzed by Abia and Isern (1997). They 

found an Li enhancement in 85% of the J stars and a few are super Li-rich. Furthermore there 

is also a high frequency of Li enhancement in J stars of the Large Megallanic Cloud (LMC), 

but among them none has been classified as super Li-rich (Hatzidimitriou et al. 2003).  The s-

element abundances in the galactic J stars have near solar metallicity, and that means that the 

heavy element enhancement is  

 

                                                       12.013.0/  Fehs .                                             (3.5) 

 

That is consistent with no s-enrichment in the sample of galactic J stars studied by Abia and 

Isern (2000). Also J stars have no Tc. The absence of Tc and s-elements in the J stars indicates 

that J stars are not caused by third dredge-up.  
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On the other hand, these J stars have the same luminosities as the normal N stars (Pourbaix et 

al. 2003). In addition, they are variable, which indicates that these stars are in the AGB phase. 

The same result was observed for J stars in the LMC (Hatzidimitriou et al. 2003). No study has 

shown that these stars are on the AGB spectral sequence, see equation (2.1) above. 

 

On the other hand, these J stars are found by other authors to be in an evolutionary sequence 

that differs from the usual carbon stars (Lorenz-Martins 1996). The carbon enrichment in J 

stars is explained by the suggestion that it is caused by mass transfer. In these stars there are 

not any variations of the radial velocity, and at the same time it is difficult to create a carbon 

star by mass transfer at solar metallicity. It is not clear how Li can survive in the mass transfer. 

All their information leads to the conclusion that there might be a connection between the 

warm R stars, cool R stars and J stars. Moreover, there is a suggestion that J stars might be the 

descendants of R stars. That comes from the properties that they are low-mass 

objects,  MM 2.11~ , and that they ascend the AGB phase without the occurrence of a third 

dredge-up mechanism. The same process for the creation of carbon enhancement in R stars 

occurs also in J stars. The carbon enrichment in these stars is caused by the mixing throughout 

the He flash, which is possibly generated by a quickly rotating core (Mengel and Gross 1976). 

During the high-enough temperature C12  burns into C13  without any creation of s-elements. 

The nature of that mixing is unknown. Afterward when these stars enter the AGB phase this 

mixing could produce Li and then result in J stars. Among carbon stars have been found J-type 

stars that show silicate emission features in their circumstellar spectra. These stars are called 

silicate carbon stars. 

 

The stability of the CO molecule in the star causes a creation of silicate dust emission in the 

circumstellar envelope of oxygen-rich stars whereas carbon-rich stars show carbon-rich dust 

features. This finding of formation of oxygen-rich dust around the carbon-rich photospheres 

was detected by IRAS/LRS. There is a further observation that shows that all carbon stars with 

silicate dust are of J type (Evans 1991). Such dust is a unique property of J stars. Silicate dust 

emission of J stars is called “silicate J-type C-stars”, constituting about 10% of the J type stars 

(Evans 1991). But the formation of silicate J type of carbon stars is still a mystery, even 

though 20 years of research. There is a suggestion by Little-Marenin (1986), who assumed that 

these stars are binaries, containing a carbon-rich and oxygen-rich giant. 
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 However, that assumption was not confirmed by spectroscopy done by Lambert et al. (1990) 

and speckle interferometry by Engels and Leinert (1994). Their studies did not show any 

companions. On the other hand, there is one more suggestion, which is that these objects 

experienced a recent transition from oxygen-rich to carbon-rich, as a result of a third dredge-

up process after each thermal pulse. The oxygen-rich material in this hypothesis is explained 

as the remnant matter from the oxygen-rich giant, which was caused by a previous mass loss 

phase. But Evans (1990) disagreed with this suggestion and argued that the observation of the 

transition of oxygen matter occurs during a few decades, whereas some of the silicate carbon 

stars show their carbon-rich photospheres for over 50 years. Moreover, Yamamura et al. 

(2000) showed that the silicate feature of V778Cyg did not change in the 14 year interval 

between the IRAS/LRS and the ISO/SWS observations. 

 

 

Figure11: A schematic view of the V778 Cyg system. (a) Shows that mass loss of the oxygen-rich star 

would be captured by the disk around the companion star. (b)  The central star decreases its mass loss 

rate when it evolves into carbon-rich. The silicate dust in the companion disk is gradually blown out by 

radiation pressure of the central star (Yamamura et al. 2000). 
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A general agreement about these objects is that they are binaries with an unseen companion, 

which could be a main sequence star (Morris 1987, Evans 1990, Yamamura et al. 2000). In the 

beginning there was an oxygen-rich giant, where lost mass was captured and stored in a disc, 

either around the companion or around the system. Then it would later evolve into a carbon 

star through the third dredge-up mechanism after each thermal pulse. But that scenario does 

not yet explain or show the chemical nature of C13  rich J type as a silicate carbon star. 

Evidence of this hypothesis has been inferred from very narrow rotational CO line profiles by 

Kahane et al (1998) and Jura and Kahane (1999), though studies of Keplerian rather than 

outflow velocities. The radial velocity measurements of two silicates carbon stars these whose 

motion is found in the binary system. But there is not any observation of an orbit in this system 

where these stars follow (Barnbaum et al. 1991).  
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Chapter 4 

Is There an Evolutionary Link between R, J and 

N stars?  

This chapter investigates the proposition that R stars evolve into J stars and then into N stars. 

Furthermore, it will explain the mechanism of this evolving. 

 

4.1 Do R stars evolve into J stars? 

First this section will give an overview of the properties of each subclass of R and J stars. Then 

it will go through the evolving from R to J stars. The R stars are single stars and carbon-rich, 

and they have an enriched carbon envelope. This carbon has presumably been transferred into 

the envelope after the He core flash. Warm R stars do not have s-process element 

enhancements, which would be expected in normal AGB carbon stars. R stars have a low 

value of the CC 1312 /  ratio, less than 10. In R stars lithium is absent. Furthermore, thier 

kinematics are thick-disk population (Abia et al. 2003). 

The J stars have very low CC 1312 /  ratio and are lithium-rich. The lithium could be produced 

from the deep mixing mechanism that may occur in J stars. The J stars show no sign that they 

have s-process and Tc. Thus they have not undergone third dredge-up. In addition J stars are 

carbon-rich. If they were R stars, the carbon would have been produced by mixing during the 

He flash. J stars are also C13  rich. Observation shows that 10% of the J stars contain silicates. 

This is a unique property of J stars, since silicates are absent in other carbon stars.  

Lattanzio and others (2007) proposed that low-luminosity J stars are equivalent to early R 

stars, which are merged binaries. According to a private communication one has found 

evidence of binarity in some early R stars, but not of merging. At the same time Robert Izzard 

(2007) also modeled R stars with merging, and many of the classified early R stars are just CH 

stars. There is a further proposal that high-luminosity J stars are evolved early R stars, which 

would explain that they have a low CC 1312 /  ratio and no s-process elements. 
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Furthermore, all J stars are lithium-rich and C13 -rich. Thus it can be concluded that R stars 

must evolve into J stars, and, in addition to that, some deep-mixing is required to get lithium in 

those stars.  

Since only 10% of the J stars have silicates in their spectra, they require an oxygen-rich disc 

around a binary with an unseen companion. We propose that there is no companion, and it 

merged to make the R star. Furthermore, it maybe that the oxygen-rich disc is made during the 

merging process that made the R stars. Also, at this stage the star was oxygen-rich, and this 

explains the chemistry of the disc. At higher luminosity, the luminosity evaporates the disc, or 

maybe as the radius swells they engulf it. So the J stars are young red giants between core He 

exhaustion and first few thermal pulses. That is confirmed by Abia (2007) and at the same 

time there are strong arguments, that there are also much evolved and advanced AGB stars. In 

any case, the above-mentioned argument explains that the pulsation is typical of young giants. 

Abia (2007) explains that there are some J stars are Mira variables, but these are just a 

minority.   

In this case, in the R-J-N model the silicate emission would come from material ejected on the 

giant branch during the merge that formed the R stars. There are some merges that produce a 

star rich in C13 and N14 , and it settles into the clump burning He  in its core. These evolve up 

the AGB as J(R) stars, but for some reason they never pulsate as a Mira. 

To examine the proposal, we have constructed an HR diagram for the J stars in the Large 

Magellanic Cloud (LMC) by using the data of the catalogue (Morgan et al. 2003). We carried 

out the following mathematics calculation to convert to the theoretical HR diagram. First we 

have to calculate the bolometric magnitude bolM , bolometric correction kBC  and effective 

temperature by the equation                                                         

                                                        kbol BCKM  0 .                                                         (4.1) 

Here 0K is obtained from the equation  

                                                       kAKK  6.180 .                                                       (4.2) 

where K  magnitudes are corrected for an extinction of 02.0kA , as is taken from the 

footnote to Table 2 in Wood, Bessell and Fox (1983). The next equation is for the bolometric 

correction kBC , computed from the Appendix of the same paper. 
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This gives the following formula for the Small Magellanic Cloud, which is also to be used for 

carbon stars in the LMC: 

 

                                          2

00 62.065.269.0 KJKJBCk                                     (4.3) 

                                                 

                                                        KJEKJKJ  0 .                                               (4.4) 

 

Here KJ   is de-reddened by subtracting 04.0KJE  taken from the footnote to Table 2 in 

(Wood, Bessell and Fox 1983). The next step is the calculation of the effective temperature by 

this equation:  

                                                  

                                                         
  60.0

500




KJ
Teff .                                                   (4.5) 

 

After these calculations and with the catalogue data, the HR diagram below is constructed for J 

stars in the LMC. 
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Figure 11: A HR diagram for J stars in the LMC, with the logarithm of the effective temperature on the 

x-axis and the bolometric magnitude on the y-axis. 

The next step is that the R stars are added to that HD diagram to see how they are connected to 

the J stars. Their data are taken from a catalogue of (Bergeat et al. 2002), which give )log( L  

and effT  for a large sample of Galactic carbon stars. In addition, Bergeat et al. (2002) divide R 

stars into two groups, "HC0-5" for "Hot Carbon" stars and "CV1-7" for "Cool Variable”. We 

took all their HC stars and then checked their spectral type in Simbad. In the graph below we 

plot only those that Simbad classes as R stars. 

Furthermore, there are some R stars in the "CV" groups. These stars are added as well. In the 

HR diagram there is a gap in )log(T  at 3.5 that possibly is caused by the composition 

difference between LMC and galaxy. We are not concerned with the details at this stage, so 

the difference in composition is not important for our simple choice of a possible evolutionary 

connection. 

Following completion of core He burning, we would expect an R star to ascend the giant 

branch. Thus it would move into the area populated by J stars. Hence we conclude that the data 

are consistent with the hypothesis that at least some R stars evolve into J stars.  
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Figure 12: An HR diagram shows J stars in the LMC in red and galactic R stars in blue. The diagram 

shows R and J stars and how they are connected. 
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4.2 Do J stars evolve into N stars?  

N stars are carbon-rich, which is caused by third dredge-up into their envelope after each 

thermal pulse. The OC /  ratio is higher than unity, because the carbon atoms are more 

numerous than oxygen atoms. N stars also have enhanced s-process element abundances, 

which is due to TDU. s-process elements are synthesized in thermal pulses and dredged up 

into the envelope. N stars have a high value of the CC 1312 /  ratio. A few per cent of N stars 

have lithium (Abia et al. 2003). This can be produced by Hot Bottom Burning at high masses 

or deep mixing at low masses.  

When a J star reaches the AGB phase it begins third dredge-up, so C12  is added to the 

envelope and the CC 1312 /  ratio is no longer low. Also, s-process is dredged to the envelope, so 

the s-process is no longer poor, and these stars look more like normal N stars. The J stars now 

evolve into N stars as they ascend the AGB. Presumably they begin thermal pulsing as they 

rise in luminosity, and J stars must evolve into N stars simply by adding C12 and s-process. We 

expect this to happen to at least some J stars. 

Overall, the J stars cover the same temperature as the N stars but they are at a lower luminosity 

on average. They are more weighted to the minimum luminosity, consistent with them 

beginning this TP-AGB phase. 

At this moment some N stars are added in the HR diagram to see if the J stars are really 

evolving into N stars and at the same time the C12  and s-process elements are added. We used 

the Bergeat catalogue to take the N stars as listed by Simbad from their „„CV‟‟ groups. Then 

we plotted these N stars in green on the HR diagram.   
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Figure 13: An HR diagram shows the distribution of J stars in the LMC, galactic R stars, cooler R stars 

and galactic N stars.  

 

That is clear from this graph as shows that overall the J stars are lower in luminosity than the 

N stars. They both have the same lower luminosity limit, as expected.   

On the next plot is also included the evolution of a M5.1  and a M2  model. They had the 

neutrino losses reduced by a factor of 30 so that they begin a core-flash at a large enough core-

mass to produce dredge-up of carbon and therefore something that might look like an R star. 

So these tracks start at the tip of the RGB at the core-flash, then proceed through the He 

burning and onto the AGB. They seem to cover the R and J star locations nicely, as expected. 
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Figure 14: A HR diagram shows the distribution of J stars in the LMC, galactic R stars, cooler R stars 

and galactic N stars. In addition to M1.5 Z02 He nu 30, M1.5 Z02-TP AGB nu 30, M12 He nu 30, M2 

Z02 TP AGB nu 30. 

It can be concluded from the discussion above that, in this model, s-process elements are 

absent in both R and J stars. The absence of s-process seems to be an advantage of this model. 

This is because the s-process does not occur until thermal pulsing has taken place. Thus it is 

not possible to see s-process enhancements in R and J stars, because thermal pulses have not 

yet occurred in R stars and only recently in J stars.  Also we can find another good aspect of 

this model that J stars cover much the same region as N stars. They are both AGB stars, so 

they should cover the same regions on this diagram (see figure 13 above). Moreover, this 

model gives us a reason for the existence of lithium in J stars. It also explains why J stars are 

lithium-rich and R stars have no lithium. This is because of the existence of deep mixing in 

early AGB stars. Even though this model has some positive aspects, there are also some 

negatives. R stars belong to the thick disk population, unlike J and N stars, which belong to the 

thin disk population. Since the R-J-N model hypothecates that R stars involve into J stars, they 

should be in the same population. Furthermore, the model explains why there are silicates in J 

stars only, and not in other carbon stars, like R and N stars. Silicates come from oxygen-rich 

gas.   
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When the binary merges to form the R stars, some oxygen-rich material is ejected, but an R 

stars is not bright enough to heat the grains enough for us to see silicates. That happens when it 

evolves to higher luminosity, as a J star. Presumably not all mergers produce enough oxygen-

rich material to be visible later as silicates in the J stars, so only some J stars show silicates. 

When the star continues to brighten and grow in radius it either evaporates or engulfs the disc, 

so silicates are no longer visible by the time the star becomes an N stars. Also it does explain 

why J stars are C13 -rich and how J stars have been C13 -rich. C13  in J stars is the same as C13  

in R stars, but exactly how do the R stars get C13 ? We do not know why the R stars are 

C13 rich. The J stars would be C13 rich because they are evolved R stars. But we have not 

explained how the R stars become C13  rich. That must be something that happens very soon 

after the merger. Finally, the R-J-N model seems to be an advantageous one as it gives us a 

clear image of the origin of J stars. It also shows us the transition from one star to another. 
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Chapter 5 

 

Models    

 

This chapter shows the graphs of the evolution of the surface properties of a 4 solar mass star 

with metallicity Z = 0.004 during its time on the AGB. These graphs are made by the stellar 

evolution code at Monash University, and they illustrate that the conditions for the production 

of J stars do exist in AGB models. However, there is only a very short window where the star 

is both a C  star ( 1/ OC ) and has a low CC 1312 /  ratio. The hot bottom burning that produces 

the enhanced C13  also destroys the C12  so that OC /  is reduced below unity very soon, as we 

will see in the graphs below. 
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5.1 Hot bottom burning and earlier evolution 

 

 

Figure 15: An HR diagram of the m4 z004 star. It shows the evolution of the star from birth to the end 

of the AGB.  
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Figure 16:  A plot of the temperature at the bottom of the convective envelope. This plot shows the 

temperature at the bottom of the convective envelope. Temperatures as high as nearly 80 million 

degrees are found, which produce substantial H burning via the CN cycle. This is the key to the 

production of the enhanced C13
 needed to make a J star. The spikes on the diagram are due to the 

thermal pulses. 

 

The star will undergo many pulses during its time on the AGB phase. It also shows the 

temperature reached during this phase and confirms that the temperature at the base of the 

convective envelope is in excess of what is required for hot bottom burning. 
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5.2 C/O diagram 

 

Figure 17: A C/O diagram. This diagram shows the C/O ratio, and highlights the competing processes 

of third dredge-up and hot bottom burning. The time in this figure has been offset to the start of the 

thermally pulsing phase. At the surface C/O goes up at each thermal pulse when extra carbon is added 

to the envelope. Then during the interpulse phase it goes down again as hot bottom burning burns C 

into N. By a time of 0.15 million years the C/O goes down a lot due to hot bottom burning destroying 

almost all of the carbon, and the star is no longer a carbon star. From here on the ratio stays well below 

unity. 

 

The diagram shows that the dredge-up mixes the products to the envelope and increases the 

carbon. Each third dredge-up mixes C12  into the envelope and burns it into C13 . The 

decreasing of OC / after the peak is due to hot bottom burning and CN cycling. The continued 

periodic increase and decrease is due to dredge up and burning.  
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5.3 CC 1312 /  ratio diagram 

  

Figure 18: A CC 1312 /  ratio at the surface of the star. 

 

This diagram shows the CC 1312 /  ratio at the surface of the star. From the OC /  diagram we 

know that it is a carbon star for times between 0.1 and 0.2 million years. Between these 

values 6/1312 CC , which confirms that star has the properties of a J star and would be 

identified as such.   

The spikes are again caused by thermal pulses mixing up C12 , and then hot bottom burning 

burns it into C13  and N14 . The rapid decreasing on this diagram before 0.2 million years 

decrease of C12  and at the same time an increase of C13 , which is due to the Hot Bottom 

Burning, and it shows also increasing which means the third dredge-up of C12  into envelope. 

So there is a brief period when the star has C/O > 1 and also a low CC 1312 / . It looks like a J 

star, but not for long, maybe only between 0.1 and 0.16 million years (beyond 8107.1   years). 
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5.4 Summary 

 

Our model star does not produce many s-process elements either, although we have not 

calculated this explicitly. We do not expect the C13  pocket, which forms in lower mass stars, 

to be very big in these intermediate-mass stars. Also, the intershell convective zone must be 

small because the intershell mass itself is very small. So there is not much matter to be 

involved in s-processing. Hence we expect a minimal enhancement of s-process elements, just 

as observed. In other respects this model does match the J stars: 1/ OC , C13 -rich, AGB star, 

no s-process enhancements. However, it has these properties only for a short time before the 

OC /  ratio drops below unity. Although this model does look like a J star, it cannot explain 

the relatively large number of stars seen. 
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Chapter 6 

 

Conclusions 

Even though, as with earlier investigation, we are unable to give a consistent view that ties 

together the disparate features of J stars, it is likely that these stars can have more than one 

evolutionary path for their formation. We covered some of the areas that are needed to be 

studied in this regard. 

 

It can be concluded from this study that the life of the star begins with zero age main sequence. 

Then it goes through different stages to ascend the AGB. At the AGB phase a carbon star is 

formed through a third dredge-up process. The star then evolves off the AGB into the regime 

of central stars of planetary nebulae and finally reaches the stage of white dwarfs. Moreover, 

we found that J stars and R stars have almost similar properties, different to N star properties. J 

stars and R stars are both carbon rich, they have low value of CC 1312 /  ratio, and they have no 

s-process. 

Furthermore we found that in a R-J-N model, s-process elements are absent in both R and J 

stars. The absence of s-process seems to be an advantage in this model. This is as a result of 

the s-process not occurring until thermal pulsing has taken place. We also found that J stars 

cover much the same region as N stars. This is another good aspect of this model. Moreover; 

this model explains why lithium exists in J stars, but not in R stars. Although this model has 

some positive aspects, there are also some negatives sides. One of these aspects is that R stars 

belong to the thick-disk population, while J and N stars belong to the thin-disk population. As 

the R-J-N model hypothesizes that R stars involve into J stars, they should be in the same 

population. Furthermore, this model explains the silicates, which come from the merger event 

that makes the R stars. But the R stars are not bright enough to heat the dust yet. It is only 

when they become J stars that the dust is hot enough to be seen. But for some reason the mass 

lost during the merger event is not constant for each event, so not all J stars have the 

circumstellar material to produce silicates. Thus we explain why J stars, and only J stars, show 

silicates, but not all J stars. Another negative aspect of this model is that it does not explain  
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why J stars are C13 -rich and how they have become C13 -rich. C13  in J stars is the same as C13  

in R stars, but exactly how do the R stars get their C13 ?  

Even though all the above-mentioned disadvantages of the R-J-N model, it seems to be an 

advantageous one, as it gives us a clear image of the origin of J stars. It also explains the 

transition from one star to another. 

We also performed evolutionary models for a Z = 0.004 M4  model. This star produces 

enriched C13  at the same time as having a C/O ratio larger than unity. It does not produce 

many s-process elements either, although we have not calculated this explicitly. It is not 

expected that the C13  pocket, which forms in lower mass stars, will be very big in these 

intermediate mass stars. Also, as a result of the small size of the intershell mass itself, the 

intershell convective zone must be small. Thus there is not much matter to be involved in s-

processing. Therefore, just as observed, a minimal enhancement of s-process elements is 

expected. In other respects this model matches the J stars in that it has 1/ OC , and is a C13 -

rich AGB star, with no s-process enhancements. Nevertheless, it has these properties only for a 

short time before the OC /  ratio drops below unity. Even though this model is similar to a J 

star, it is not able to explain the quite large number seen, because it only has these properties 

for a short time. 

We conclude that the J stars have multiple progenitors: some are certain to be R stars, and 

some are certain to be like the M4  model we calculated. There might also to be other 

progenitors, yet to be discovered. The J stars remain a mystery, with multiple origins! 
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