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A long history of observations

§ BeppoSAX, wide-field Dutch-Italian mission through ‘90s
§ RXTE high sensitivity & fast timing, 1995 Dec–2012 Jan
§ INTEGRAL/JEM-X; wide-field, low sensitivity, 2002 

onwards
Data from these last three make up the Multi-INstrument
Burst ARchive (MINBAR), under assembly at Monash 
http://burst.sci.monash.edu/minbar

§ Swift & MAXI; wide-field, detecting new transients, long 
bursts etc.

§ NUSTAR, hard X-ray sensitivity
§ ASTROSAT, launched Sep 2015, LAXPC large-area 

detector + imagers
§ NICER, deployed to the ISS in 2017 June, focus on X-

ray pulsations and bursts

http://burst.sci.monash.edu/minbar
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A bewildering array of burst types

§ We observe (and in some 
cases can explain) a wide 
range of burst 
phenomenology

L14 L. Keek and A. Heger

Figure 3. Structure of the neutron star envelope as a function of column
depth, y, from a time-dependent multizone simulation of steady-state burn-
ing. Top: specific energy generation rate, ϵnuc, density, ρ, and temperature,
T. Bottom: mass fractions for several isotopes. CNO is the sum for all C, N,
and O isotopes including 12C. At y ! 4 × 107 g cm−2 CNO consists mainly
of 14O and 15O.

ashes, therefore, consist exclusively of 98 per cent 12C in addition
to the 2 per cent accreted CNO mass fraction. The latter are pre-
dominantly 14N and 15N from the βCNO cycle with a ratio of about
1 : 2.

4 D ISCUSSION

We have identified a new steady-state nuclear burning regime on
accreting neutron stars. A range of burning behaviour takes place
as a function of ṁ, and the new regime occurs in a small ṁ interval
close to 0.1 ṁEdd between the pure helium bursts and the mixed hy-
drogen/helium bursts. We summarize the different burning regimes
in Table 1, although it should be understood that the boundaries
between regimes can be modified by, e.g. the metallicity (Woosley
et al. 2004), the details of CNO break-out (Fisker et al. 2007; Keek
et al. 2014), rotational mixing (Piro & Bildsten 2007; Keek et al.
2009), and base heating (Keek et al. 2009; Zamfir et al. 2014). The
small size of the ṁ interval may explain why it has not been iden-

Table 1. Theoretical nuclear burning regimes a.

ṁ/ṁEdd Burning regime

Deep H flash (burns He)
∼0.1 per cent b

Shallow H flashes and deep He flash
0. 4 per cent

He flash (stable H burning)
8 per cent

Stable H/He burning
11 per cent

Mixed H/He flash
∼100 per cent c Marginally stable burning of H/He

Stable H/He burning

Notes. aFor solar accretion composition and Qb = 0.1 MeV u−1.
bPeng, Brown & Truran (2007), including sedimentation.
cHeger et al. (2007a). See also Keek et al. (2009), Zamfir et al. (2014), Keek
et al. (2014).

tified in observations. The mechanism that we describe to burn all
helium stably occurs to a lesser extent in the regime of pure helium
flashes, where part of the helium is burned before the thermonuclear
runaway (Woosley et al. 2004). For accretion rates approaching the
new stable regime, this part may be larger.

In time-dependent multizone models, we find that the same
steady-state regime can take place at lower ṁ, if the base heat-
ing is stronger. We used Qb = 0.75 MeV u−1, which is in line
with the amount of heat generated by electron captures in the crust
(Gupta et al. 2007). At lower ṁ, a higher value of Qb is actually
expected, because of the temperature sensitivity of neutrino cooling
(e.g. Cumming et al. 2006). Furthermore, strong base heating may
be needed to explain the observed recurrence times of superbursts
(Keek & Heger 2011) and the ignition of superbursts in transients
(Keek et al. 2008; Altamirano et al. 2012). The temperature in the
outer envelope is largely set by βCNO burning, whereas at the bot-
tom of the envelope crustal heating sets an inflowing flux, such that
a higher Qb leads to a higher temperature at the inner boundary.
The temperature profile is, therefore, steeper for the model with
a higher Qb. The boundary of the new steady-state regime is thus
strongly dependent on Qb, and a large series of time-dependent or
steady-state models are required to investigate it.

4.1 Superburst fuel

Assuming all energy is provided by carbon burning, cooling mod-
els infer from superburst light curves a carbon mass fraction of
15–26 per cent (Cumming et al. 2006). Part of the energetics could
originate from photodisintegration of heavy isotopes near the rp-
process end-point (Schatz, Bildsten & Cumming 2003), but the
composition of the ashes is likely dominated by iron-group nuclei
(Woosley et al. 2004). Unstable burning produces at most 5 per cent
12C (e.g. Woosley et al. 2004), whereas the new steady-state regime
yields as much as 98 per cent: neither gives the amount inferred for
superbursts. Superbursting sources have relatively high values of
the ratio of the fluence in-between and during bursts (the so-called
α-parameter; in ’t Zand et al. 2004), which suggests that part of the
accreted hydrogen and helium burns in a stable manner and part
in bursts. To obtain 20 per cent 12C, the steady-state mode must be
active 16 per cent of the time. As the steady-state occurs in a small
ṁ range, the 16 per cent duty cycle may be provided by the intrinsic
variations in ṁ. Alternatively, there could be a hybrid between the
bursting and stable modes, where a substantial part of 4He burns
stably as in the steady-state regime, but an instability is triggered
on a delayed time-scale. This regime would be different from the
‘delayed mixed bursts’ proposed by Narayan & Heyl (2003). Fur-
ther time-dependent simulations are needed to study the transition
between the different regimes, and attention must be given to the
possibility of some carbon destruction prior to superburst ignition
(e.g. Keek, Heger & in’t Zand 2012).

5 C O N C L U S I O N S

We present models of a new steady-state nuclear-burning regime
for hydrogen and helium mixtures accreted on to neutron stars. As
hydrogen burns stably via the hot CNO cycle, the increased temper-
ature induces 3α burning of helium. This mechanism fully depletes
helium in steady-state at mass accretion rates of ∼10 per cent of
the Eddington limit, bordered by burst regimes at lower and higher
accretion rates. Enhanced base heating can steepen the temperature
profile and sustain the steady-state regime, extending the range of
accretion rates where stable burning is active. Pure-carbon ashes are
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Status of burst observations

§ We don’t need any more burst observations *
§ We have built up large collections of observational data covering 

many, many different types of bursts (see arXiv:1712.06227)
§ MINBAR sample, with >7000 events from >100,000 observations of 

85 bursting sources, and uniform analyses; see 
http://burst.sci.monash.edu/minbar & shared data provided this week

§ These data are sufficient in many cases to answer comprehensive 
questions about global behavior as well as source-to-source 
variations (cf. with Galloway et al. ApJL 857, L24; arXiv:1804.03380)

http://adsabs.harvard.edu/abs/2017arXiv171206227G
http://burst.sci.monash.edu/minbar
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§ These data are sufficient in many cases to answer comprehensive 
questions about global behavior as well as source-to-source 
variations (cf. with Galloway et al. ApJL 857, L24; arXiv:1804.03380)

* We can use new measurements of NS spin; see e.g. Bilous et al. 
arXiv.org:1805.10065, and Friday’s presentation

* We can learn from new observations of known sources in unusual 
states, rare events e.g. Jaisawal & Alizai presentations

* We could actually use new epochs of regular (or predictable) bursts 
from any sources

http://burst.sci.monash.edu/minbar
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§ We need to constrain the astrophysical parameters
which determine the burst properties – fuel composition, 
surface gravity, system inclination (see talks by 
Goodwin, Johnston)

§ Such constraints will hopefully allow us to, in turn, 
replicate burst behavior with numerical modes (see e.g. 
Meisel et al., arXiv:1805.05552)

§ Which can then be used as tools to constrain nuclear 
reaction rates and masses

What we really need
(To fully enable “probes” of nuclear physics)
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Constraining system parameters method 1

§ We can infer the fuel hydrogen fraction X0 (and the 
inclination) from measurements of recurrence time !t, "
(= Fp !t / Eb) in regular bursts

§ Can estimate Qnuc from ", !t, and 
hence ⟨X⟩ at ignition (cf. with 
Goodwin talk) up to a factor of z
(redshift) & anisotropy parameters

§ Rate of H-burning then gives an 
estimate of X0 (up to a factor of the 
CNO metallicity)

§ Shown are the results of simulation 
parameters for old (“isotropic”) and 
new methods

§ Consistency arguments can also 
allow constraints on the inclination 
and possibly also redshift  (up to 
assumptions about the disk shape; 
e.g. He & Keek 2016)

Qnuc =
c2z

↵

⇠b
⇠p
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Constraining system parameters method 2

§ We can compare in detail observations (including 
lightcurves) with numerical models to further constrain 
the system parameters (cf. Johnston et al. 2018, MNRAS 
477, 2112 & talk)

§ Significant challenges with respect to computational cost 
and systematic errors for models, but these are being 
addressed

§ New software tools and repositories of model runs are 
making this process easier, as well as carefully selected 
datasets from MINBAR (Galloway et al. 2017, PASA 34, 
e109 & http://burst.sci.monash.edu/reference )

http://burst.sci.monash.edu/reference
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Summary and future work

§ Large body of in-hand burst data is an under-utilized 
resource for probing burst physics (but we’re working on 
it)

§ At the same time new missions (NuSTAR, NICER, 
ASTROSAT) are providing exciting new observations

§ Development of analysis tools and modelling capability is 
proceeding well and is expected to give results within a 
timescale of a year

§ Contributions most welcome! Join the JINA-CEE burst 
working group, share progress via the wiki & 
communicate via Slack


