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Between bursts: 
Steady H burning via 

CNO/hot CNO cycle, involves 2 beta 
decays and so releases 2 neutrinos

During a burst: 
Unstable H/He/heavier elements burning. 

⍺ process: ⍺ captures forming elements 
up to iron group 

⍺-p process: ⍺ captures catalysed by 
protons forming elements up to iron 

group 

rp-process: a series of successive proton  
captures and beta-decays forming 

elements beyond iron. Each beta decay 
releases 1 neutrino
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nucleon

Steady He burning via triple-
alpha reaction 

Q = 1.6 MeV/nucleon

The “Q-value” of a reaction is the energy 
released per nucleon. 

Depends on the binding energy of each 
nucleon involved.

Nuclear Burning in Type I X-Ray 
Bursts



Neutrino Losses in the rp process:

Primary source of neutrinos during a burst is the beta decays, 
where approximately 35% of energy is lost as neutrinos (see 

Fujimoto, 1987). 

In recent X-ray burst literature this is often misinterpreted to 
mean that the neutrino energy release for the entire rp 
process is 35% but it is only at beta decays that 35% of 

energy is lost, and beta decays do not contribute much to 
the total energy. 



Qnuc = 1.6 + 4<X>
Cumming & Bildsten (2000):

Can use to: 

• Infer composition from observations of energy 

• Estimate burst energy in simple analytic models



How do we arrive at this formula 
for Qnuc?

Qnuc = 1.6 + 4<X> (MeV/nucleon)

Energy release from 
He burning to iron 

group

Energy release from 
hydrogen burning to iron 

group



Testing 1.6 + 4<X> and Measuring 
Neutrino Losses
Run a grid of KEPLER models for different z, mdot and H (with lots of dumps in 

order to extract <X> at ignition) 
X = 0.1-0.8 

Z = 0.005-0.1 
mdot = 0.01-0.3 mdot_Edd 

Extract burst energy and neutrino energy per gram of fuel burnt  
and xbar (average H fraction of ignition column) 

Make some assumptions  
(about the ignition column and start and end of burst) 

Compare to 1.6+ 4<X>



Neutrino Loss Measurements



Neutrino Loss Measurements

Neutrino losses are between 
6x10-5% for <X>~0 and 18.5% 
for <X> ~ 0.78 

This result is contradictory to 
the of ten, but wrongly, 
adopted value of 35% for 
neutrino losses during the rp-
process.



Neutrino Loss Measurements

When more hydrogen is 
present, more rp-process 
burning occurs and more 
energy is lost in the form of 
neutrinos from beta decays.

Neutrino losses are between 
6x10-5% for <X>~0 and 18.5% 
for <X> ~ 0.78 

This result is contradictory to 
the of ten, but wrongly, 
adopted value of 35% for 
neutrino losses during the rp-
process.



Metallicity Dependence

The ashes of the lower metallicity burst have heavier elements, 
indicating stronger rp process burning



Burst Energy as a Function of 
Composition



Burst Energy as a Function of 
Composition

So according to KEPLER 
data Qnuc = 0.96 + 6.6<X> 

MeV/nucelon



Caveats
Burning Regimes:

New relation is only as good as KEPLER 
—> large uncertainties in some rp process reactions

Keek & Heger (2015)

We only 
explore mdot 
of 0.01-0.3



Incomplete Burning of Fuel?

Before

During

After

Before

During

After

Choose a burst 
with low H 
fraction: 

<X> = 0.09

Qnuc = 0.96 + 6.6<X>



Integrate this area to 
get total energy 

released during burst

This area is also 
released in the burst but 
because of our ignition 
depth assumption is not 

considered
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Integrate this area to get 
total energy missing from 

not burning to 56Fe
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Integrate this area to 
get total energy 

released during burst

Integrate this area to get 
total energy missing from 

not burning to 56Fe

1.51 MeV/
nucleon

0.77 MeV/
nucleon

KEPLER energy I 
measured for this area 
is 1.57 MeV/nucleon



—> More or less agrees with theory 

From classical theory for this composition fuel we expect (not subtracting 
neutrinos): 

Qnuc = 1.6 + 6.7<X> = 2.203 MeV/nucleon  

We get: 

Qnuc = 1.51 + 0.77  + 0.017 = 2.297 MeV/nucleon  

triple-alpha hydrogen burning

from not burning 
to 56Fe neutrinosburst



Missing energy in mass excess plot could be due to: 

1. Incomplete burning of the fuel causing non-processed elements 
to be present after burst 

2. Excessive rp process burning and so heavier elements are present 
causing lower mass excess (56Fe has highest mass excess)

Incomplete Burning of Fuel?



So plot mass excess for mass number and we can see where 
the mass excess is sitting



Change scale to see better



Change scale to see better

Missing energy sits below Carbon/Nitrogen —> evidence 
that we have incomplete burning of the fuel, rather than 
excessive rp process burning



Things we are yet to explain

Before

During

After

Why is hydrogen 
depleted inside the 
accretion column?  

(This should be linear 
but we see this steep 

drop) 

 —> maybe mixing is 
happening? 



Abundances in Ignition Column

Before

During

After

Accretion depth = 
1.43 x 108 g/cm2



Evidence for Mixing

Before

During

After

Accretion depth = 
1.43 x 108 g/cm2

Heavier elements from ashes of 
previous burst leaking into accretion 

column —> evidence for mixing?



Summary
• Qnuc = 1.6 + 4<X> does not match the energy predictions of KEPLER models for the 

nuclear energy generation of type I X-ray bursts. Qnuc = 0.96 + 6.6<X> is a better fit to 
the KEPLER predictions. 

• Neutrino losses are between ~0% (low H) to 18.5% (high H) for X-ray bursts, contrary to 
the commonly adopted value of 35% for the rp process 

• Metallicity dependency of neutrino losses is caused by lower metallicity cases exhibiting 
stronger rp-process burning and so releasing more neutrinos from beta decays 

• Energy generation for pure Helium fuel deviates from classical theory because: 
1. Reaction pathways do not go all the way to 56Fe 
2. There is incomplete burning of the burst fuel, reducing the energy available 

for the burst 
3. (Not mentioned but small effect) Small amount of helium burns to carbon 

before the burst in the steady state burning 



Some other interesting things
Strange bursting behaviour I discovered in the KEPLER grid I ran: 

Low accretion rate  
(<10% Eddington)

Example of Keek’s new 
steady state helium 

burning regime! 



Towards the Evolution and 
Progenitors of AMSPs

Using predictions of composition and mass from matching 
observations with models results, I have been modelling the 

evolution of SAX J1808.4—3658

•  Use MESA (Paxton et al, 2011) 

•  Begin AFTER NS has already formed 

•  Evolve models for a range of 
different initial masses and 
separations 

•  Compare with observed: Masses, 
composition, accretion rate, orbital 
period, separation

SAX J1808.4—3658 
• Most well known, frequently studied AMSP, 

discovered 1994 
Known constraints: 
• Mc = 0.04-0.06 Msolar 

• Porb = 2.01 hours 
• Accretion rate = 0.04 Eddington 

Additional constraints: 
• Donor H fraction = 0.5±0.1 
• MNS = 1.74±0.5 Msolar



Results

Observed Predicted

Orbital period  
derivative

Mass transfer rate ~10-10 Msun/yr ~10-11 Msun/yr

—> Need more mass loss from the system!

Radio ejection model - mass loss from inner Lagrangian point 
of the binary??

3.5 x 10-12 s s-1  ~10-13 s s-1  



The Radio Ejection Model
• Pulsar winds cause a large amount of mass loss from the inner Lagrangian 

point of the binary 

•  A fraction of matter transferred in the disk could be swept out by radiative 
pressure of the pulsar 

•  If the system experiences a reduction of the mass accretion rate, which can be 
caused by the disk instability model,  
radiation pressure of the pulsar may  
be able to sweep away matter in the disk 

• Matter is expelled directly at inner  
Lagrangian point of the binary 

•  Disk instability model: Inner disk radius 
 is pushed beyond the light cylinder 
 radius



Effect of metallicity and accretion 
rate

Different metallicities Different accretion rates


