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Lecture 3: Accreting Neutron stars



Lecture 2: Nucleosynthesis

eLight element processes
Neutron capture processes
*LEPP and P nuclei
*Explosive C-burning
*Explosive H-burning
*Degenerate environments

The Origin of the Solar System Elements
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Nuclear Astrophys

*The diverse sets of
conditions in astrophysical
environments leads to a
variety of nuclear reaction
seguences

*The goal of nuclear @
astrophysics is to AS
identify, reduce, % &0
and/or remove the 5
nuclear physics £
uncertainties to which ' = 2

20

models of astrophysical
environments are most
sensitive

ics: Nuclear physics from dripline to dripline
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In the beginning: Big Bang Nucleosynthesis

* From the expansion of the early universe and the cosmic
microwave background (CMB), we know the initial universe
was cool enough to form nuclei but hot enough to have
nuclear reactions from the first several seconds to the first

several minutes

e Starting with neutrons and protons, the resulting reaction
sequence is the Big Bang Nucleosynthesis (BBN) reaction
network

e Reactions primarily involve neutrons, isotopes of H, He, Li,
and Be, but some reaction flow extends up to C

* For the most part (we'll elaborate in a moment), the predicted
abundances agree with observations of low-metallicity stars

and primordial gas clouds

* The agreement between BBN, the CMB, and the universe
expansion rate is known as the Concordance Cosmology
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BBN open questions

* Notable discrepancies exist between BBN predictions
(using constraints on the astrophysical conditions provided by the CMB) d nd Obse rvatlonS "g 0.8
of primordial abundances 0.6

1.0

e The famous “lithium problem” is the several-sigma 0.4
discrepancy in the ’Li abundance. 0.2

e Alas, a nuclear solution for this problem has been 0.0
ruled-out, as all relevant reaction rates are well
known enough that nuclear uncertainties don’t

Likeliho

come close to explaining the issue 1.0 |
* The “other lithium problem” was a discrepancy in 6Li 3 0-8
predictions and observations, but it was explained by g 0.6
systematics in the observations € 0.4
* The deuterium abundance, was of interest because 0.2

observations were more precise than predictions, due g
to nuclear physics uncertainties.

e Recent measurements of d(p, y) just about took
care of this

Observations & BBN+CMB Predictions
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Light elements get a boost: Cosmic ray spallation

eDue to their low Coulomb barriers and ’ | | ool T w2 ]
relatively weak binding energies, . /\ soren i -
isotopes of lithium, beryllium, and boron, '

well as 3He, are easily destroyed in
stars and stellar explosions

boron - 10
lithium - 7

lithium - &

10 —
beryilium - 9

Flux

[opd

*And yet, we see abundances of these
nuclei which are beyond what can be
explained as surviving from
Big Bang Nucleosynthesis

Spallation Cross section in mb
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*The abundance boost comes from .
contributions of cosmic-ray induced spallation

-10 — -~ —

*Energetic light ions in space impact abundant
isotopes in the interstellar medium, such as § -
12C, 14N, and %0, yielding light nuclear g
products in spallation reactions, steadily
increasing their abundances over time

Logo("Be/H)
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Stars’ first ignition: The pp-chain

plpatvic

e For stars as or less massive than the sun, or primordial stars et e, zp) e
containing only H & He, nuclear burning begins in earnest

with the pp-chain(s) [this is preceded by deuterium burning, but the
energy generation is negligible in comparison]

* The end result of the pp-chains is to convert 4 protonsinto 1
helium nucleus, releasing a total of ¥~27MeV in the process

e The first step (eitherp+p > d+eT +vorp+e +p—>d+V)  a,=w20M
requires a weak interaction and so the cross section is (20% ioss)

roughly 10%°x smaller than a typical nuclear cross section
and as such unmeasurable

dfp.~y! He ,
B5°% 1&';!‘.:
3Ha£unf}?Be
16%: L .02%
i !
"8e (e, v} Li "3e (p,y) 'B
L tp,od ‘He "8 ie*v) PR’
"Be" ] *He
CHAIN 1 CHAIN & CHAIN 0
Q4= 25.66MeV Qg 19.17 May:
(4,0% loss} {28,3% loss)

NET - RESULT: 4p — “He « 2¢* «2v + Q_,

(This is a good thing! Otherwise the sun probably would have burnt out by now.)

* The low temperature involved makes measuring these cross
sections at relevant energies exceedingly difficult, meaning
extrapolations of the S-factors are required and electron-
screening effects must be taken into account

* The pp-chain rates are of particular interest, since the
relative neutrino yields determine the pp-chain branching
and therefore the internal temperature of the sun. They are

Neutrino Flux

also needed to reconcile solar observations with models.

Neutrino Energy (MeV)



When it gets hot, start the CNO cycle

*For stars just a bit more massive than the sun, more pressure is
required to oppose gravitational contraction than the pp-chains
can provide. As such, the core contracts until the central
temperature is sustains a robust CNO cycle.

*The CNO cycle is another way to convert four protons into one
helium nucleus. In this sequence, 1°C acts as a catalyst.

*At the modest core temperatures of the sun, *N(p,y) is the rate-
limiting step in the sequence

2C(p, Y)°N(B)=C(p, y)**N(p, 7)™O(B)*N(p,a)**C
meaning the equilibrium abundance will be concentrated in 1“N

*\Weaker branches exist to other nuclei, which are the other CNO
cycles (identified by different numbers)

*The rates of the CNO cycles play a key role in astrophysics, since

they determine how long it takes for massive stars should take to

burn through their core hydrogen and therefore provide the age
for a globular cluster based on which mass stars (inferred by
luminosity) have turned-off the main sequence (the line in the HR diagram
[luminosity vs temperature] for core H-burning) yet

'__‘_.-‘"'The steeper T-dependence is due 7

to the larger coulomb barriers
as compared to the pp-chain

Wikipedia user: Borb



We’re going to need another fuel, Helium burnlng (and beyond)

*Once hydrogen in the core has been 1987A"
evolutlon ;
exhausted, core contraction occurs, Care hakm sxiagi ] O ek
« e ) . ' (Homo sapiens) ¥ .I_‘/
raising the temperature. After some shell AR AV
. . H ' 10,000 B.C. _ e
hydrogen burning grows the helium core, 1. (Agricuture -

core helium can be burned
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*At ~108K, the triple-alpha rate (3a—12C)
becomes significant
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*The 3a rate actually proceeds by an a
capturing onto 2Be, which is unbound
but has some small equilibrium

'-, pulsations 'Helium-burning
2 red supergiant
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*12C(a,y) builds up some ®0 in the core ""“”?Efnsgf”e"gg} “The FnalYears
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Because reqular old burning won’t do, Advanced burning

*Su bsequent core burning proceeds Via: Woosley, Heger, & Weaver, Rev.Mod.Phys. (2002),

Adapted by O.R.Pols

14 15 MG‘

e Carbon burning: 1>C+12C fusion and captures by the
reaction products of produced p & a mostly result in
160, °Ne, 2*Mg. Stars less than ~ 8Mg end here

e Neon burning: Photodisintegration of and a captures
by 2°Ne converts it to mostly 0 and 2*Mg

» Oxygen burning: 1°0+'°0 fusion and captures by the
reaction products of produce p & a mostly result in

1 2 =
0 D DL L R

H > He

%&\\E
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He 1)

28Sj and 32S, but B-decays of some products results in

a slightly neutron-rich composition [15%o | i

e Silicon burning: Photodisintegration and a captures of
28Sj and the reaction products, involving a large range
of nuclei. This material is nearly in Nuclear Statistical
Equilibrium (all forward & reverse rates equal), so the
abundance distribution (centered around °Fe, i.e. the
“iron” core isn’t just iron) mostly just depends on the
temperature and the nuclear masses. This is the end-
of-the-road and is followed by core collapse.
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The onion structure and it’s implications
INNER STRUCTURE OF A PRESUPERNOVA  STAR
*The aforementioned burning processes also occur in

shells (once a given process isn’t happening in the core),

plglem’®} T (°K)

ultimately resulting in the famous onion structure
2 107
*Note that stars can walk and chew gum at the same time. mk T
The shell burning can lead to other processes. Ws 2'1::
*The main S-process (which we’ll cover in a moment) OCCUIS ::s j:;y
near the helium and carbon burning shells o rew

*The i-process (again: patience, grasshopper) May OCCUr near
the interface of hydrogen and helium burning

*\When the massive star finally goes supernova, the
nuclei in outer shells which aren’t fully
photodisintegrated can be partially photodisintegrated
in the p-process (that we'll also get to)

7

10 b o» 109

COLLAPSING (ORE

*This material contributes to the chemical enrichment of
the universe when it is blown-off as a stellar wind or
ejected in the supernova explosion that occurs after core
silicon burning ceases
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0 Lodders ApJ (2003) abundances
converted to protosolar

Interlude: the case for
neutron-capture processes

Abundance [log(A(H))

. . 5 e Yoo n:'o .

eLooking at the solar §ystem gbundances in terms of A, U ° "-""'aw.-.-'..-.-.,,_.,......,-... .
we see some pretty interesting patterns I T A R

°The a elements and iron peak are consistent with our ~ _ " T

icture for massive star evolution, but we see several T [+ %y ron peak - weighted by natural
P , g 5 10°kE - Dt isotopic abundances
other features beyond iron SR S
s 10, o ""':q_..

*Focusing on the peaks labeled s and r, we see thatthes 5 F L e Ul Wi
peaks are located at neutron magic numbers 50, 82, 126, 3 E:; i
with the r peaks located just below (at least for 82 & 126) 10 et

20 40 60 &80 100 120 140 160 180 200 220 240
. . . A
eLogically, it follows that the processes making the s and r o PRSI AR
. L ...olnne neutron numaoer
processes somehow involve sequences of neutron ] = /
capture reactions that pass through these magic Y h
1c 1 < rare eart
numbers on the nuclear chart. This is because one g 10 FoN
1 HEH 8 . iron peak. ",
feature of magic N nuclei is low neutron-capture cross § 10° e s . s
sections relative to neighboring nuclei : BT T -
T R B T R Ty

Z.Meisel N



We can see where on the nuclear chart the s & r processes must have occurred by considering
where in terms of Z pile-up at a magic N must have occurred to give the observed peak in A

* A neutron-capture process proceeding along stability provides s peaks

S
» To get the r peaks, the neutron-capture process r %,
has to proceed on the neutron-rich side of stability, //5
and then matter will B decay back to stability ' . 2%
0
L0
\{C}Q
A 3
eS
oC
(-0t

°For s, to stay on stability, the
neutron captures must be slow
relative to B decay timescales

*For r, to operate far off stability,
the neutron captures must be rapid
relative to B decay timescales




Slow and steady, the s-process

*For the s-process, we need an environment where nuclei can bathe for a long time in a
moderate neutron density (n,,~107"1%cm™3). Let’s consider the reaction flow for this case.

*For isotope (Z,A), the abundance change is the sum of production & destruction mechanismes,

IZ;'A (t) = np(Onza-1(E)oV)z 4-1 — Nu (N7 4 (E)OV) 2 4 — Ag.z,a17,4(¢)

*\We’ll ignore species with fast B-decays, since they’ll just form the more stable isobar more or
less instantly, so we can set the last term to zero

*Also, recall {(ov),, cqp~constant, and anyhow we’ll assume a constant temperature,
so{ov); — o;vr, where vy is the thermal velocity for the environment temperature

dNZA .
n (t) = nn(t)UT(Uz,A—17’lz,A—1 — UZ,A”Z,A)

*Note tthat n, (t)vy is the nteutron flux. Integrating this over time gives the neutron irradiation
T = [ n,(t)vy dt = vy [, n,(t) dt, which is referred to as the neutron exposure

*As such, our abundance change equation is now

: : ANz A

*Re-casting our abundance change in terms of t, ~ = = 0z4-1Mz,4-1 = 0z,4Nz4
cper dNZA

*In equilibrium, —= = 0,50 07 4—1Nz -1 = Oz 4Nz 4 = cOnstant

*So, we can get s-process relative abundances based solely on neutron-capture cross sections!



The steady flow approximation

e The steady-flow approximation holds  o**
roughly in between magic N

SOLAR - SYSTEM oA, CURVE

Ll

kT = 30 keV

 Tests can be performed for elements
with multiple isotopes that are shielded
from the r-process and have measured.
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Reactions of special interest are those with half-lives similar to the neutron-capture time, t=1/(<ov>n,).
They're called branch-points. They not only alter the abundance pattern, but can be used as s-process
thermometers and neutron-density probes, since <ov> isn't exactly constant.



Where do the s neutrons come from?

e More careful analyses
demonstrate the need for different neutron fluxes for \ —— |

different durations. These are the (! \Wcoﬁvedm
\\ ;nvelupe H burning

» Weak: 60<A<90, near He/C shells in massive stars |

Heltum
* Main: Sr-Pb, thermal pluses in AGB stars \\ shell
e Strong: Pb enhancement for low-metal AGB stars

He burning, 74~3
S

R Core
"‘\

CC
Inert core

components. For each kT~30keV or thereabouts.

. [ 13
*No matter, the primary (but not only) neutron sources turn- 010 impact of “C{a,n) (@)
on s-process i

out to be 13C(a,n) and ?’Ne(a,n), where the former only L oos production

operates for the AGB cases and the latter only operates %
during brief flashes for the AGB cases Z 1,000 —
*Other important reactions are the neutron “poisons”, light % .95 i

nuclei that swallow-up perfectly good neutrons that would
have otherwise been captured by heavier seeds, 0.990
other exit channels for 22Ne and '3C a-capture which fail to 0 100 190 140 160 180 200
produce neutrons, and reactions producing 2?Ne and 13C Atomic Mass (A)



Neutron-capture, but faster: the r-process

e For the r-process, a huge neutron density
is needed in order for neutron capture lifetimes to be much shorter than the ~ms B-decay
lifetimes of the extremely neutron-rich nuclei involved

* Neutron-capture will proceed along an isotopic chain until it competes with the
photodisintegration rate: (ov)3,/{oV);; = 1

e Recalling that Vlay o (Ha2e” 7 exp [ — 22 , observing T ! _ andtr,, = ——
8 (ov)12 kgT b kT &ty = Np{ov)y - Py (ovy
and remembering the Planck distribution n,, = 573 (kgT)3,

Sn

1 3/2 L Q12 }\an 3/2 —_ _
AVTL X (kB ) n eXp( kBT> }\n’y and Any x (kB ) Nn eXp( kBT)

. Th|s means that the r-process follows a path with constant neutron-separation energy §,,,
where the §,, of the path is determined by n,, and T

* The r-process will stall at the isotope of an element with the path’s S,, and wait for B-decay.

e Clearly, this implies r-process abundances will pile-up at nuclei with long half-lives.
Of course, the magic N nuclei have relatively long half-lives
so abundances will pile-up there, resulting in the characteristic r-process peaks



A tale of two processes: the hot & cold r-process

However, (n,v)_(y,n) equilibrium is a pretty
er . decent first guess for the r-process path location
(n,¥)_ (v, n) equilibrium % t 9 | P P

2.0
... which isn’t always going to be true I

Pb (7 =82) -

*|n the preceding discussion we invoked

T
L

*The higher the neutron-density, the lower 80 s
the temperature can be and still result in ﬁaﬁ
an r-process ";cBD _

i

~J
=1
I

*For those “cold” or colder cases, the
individual (n, y) rates are going to matter

Proton number, Z
[2]
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*Even for the hot case, the environment ool
has to cool off eventually, and so neutron- fabds e
capture rates will matter in the end * il 126

u
o
[

*Other interesting details that change the .
final r-abundances are B-delayed neutron an O
emission when the process is ending and K a0 N150t i 15[; Tio 160 00
fission cycling, which may occur if high-Z SR

nuclides are reached

:Imﬁfbafl



1072~ ..
Where do the rneutrons come from? .

1073k
e |t turns out that there’s potentially more than one :
way to get large flash of neutrons in a hurry

1074
<
 Mainstream candidates include core collapse ”

supernovae, neutron star mergers, and black-hole
accretion disks

107°

* In the past 15 years, the deck has become stacked
pretty heavily in neutron-star mergers’ favor

CCSN simulations aren’t very neutron-rich

e Neutron stars can merge quicker than you might

think because binary evolution can hasten their
inward spiral

D.Kasen et al. Nature (2017)

&L UK Astrophysical
B Fluids Facility
squeezed dynamical
v =~ 0.2¢-0.3c

* Galactical chemical evolution simulations show

the localized merger yields can get spread far -
and wide by viscous mixing

e We've seen a merger make r-process material!

Neutron Star + Neutron Star Temperaturs [millians o
long lived neutron star remnant

That said, the issue is far from settled. Many modeling and nuclear physics uncertainties exist. One viewpoint is
that rare CCSN contribute most early r-process material, while NS mergers become contributors dominant later
(Naidu et al. ApJL 2022).



What about moderate neutron fluxes? the i-process

e |t turns out, stellar evolution models
show that an intermediate neutron flux
is possible, so it’s been cleverly dubbed
the i-process

* [n one scenario, i-process neutrons
come from the interface between
hydrogen and helium burning shells in
high-mass AGB stars. The mixed-in
hydrogen results in *2C(p,y)13C which
then burns via 3C(a,n)

* The resulting neutron densities are
n, ~ 10°cm™3, which is high enough
to drive neutron capture several
nucleons off of stability

e Here the individual neutron-capture
rates matter. For many, the Hauser-
Feshbach formalism probably doesn’t
apply, so the uncertainties are large.

Yay, job security!

" AMy

S. Jones et al. MNRAS 2016

_ AMpy.

I
I
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I
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time

Convective boundary — ---eoeeeee
Third dredge-up (TDU)




What about charged-particles!? the a-process

* As we noted, core collapse supernova simulations seem to not
have very neutron-rich conditions
...s0 what happens in the explosion then?

* One possibility is a-process nucleosynthesis

e Core collapse supernovae nucleosynthesis starts by
photodisintegration of nuclei near the iron core into protons
and neutrons. They combine into a particles, which can be
captured in (a,n) reactions to form heavier nuclei.

* In the r-process, the a-process is just the on-ramp.
But if there aren’t enough neutrons around for the r-process,

RI

km] A
10°

104

10%-

Neutrino Cooling and Neutrino-

Woosley & Hoffman, ApJ (1992)

then the a-process is the main event oa[ A
. . . I‘T“ - ;.__Jf IR, S . F ®
* The majority of the relevant (a,n) reactions are e i A i e
not known and have sizeable theoretical . v 7 S i ol
inti - ty! o ;.0 i
uncerta!ntles Yay, job security! ST LR [
* Interestingly, the a-process appears to make |78 {’ 7 AR
nuclei in the Zn-Sn region which have an e[ |7 e 44 &
abundance pattern de-coupled from the ol /r’__,i,.__ ....E.f_“’ 83
r-process pattern, known as the LEPP 2™ g I P . P 4 I P




What if CCSN winds are proton-rich? the vp-process

t:5.221e-03s / T.:3.295e+00 / p; : 1.496e+05 g/cm™

—3.0

—4.5

e An alternative scenario is that the core collapse

supernova isn’t neutron-rich at all. This is a distinct
possibility given the uncertainties in neutrino interactions

Arcones, Frohlich, & Martinez-Pinedo, Ap)J (2012I

with matter (the proto-neutron star is a neutrino light bulb)

proton number

e For this case, proton and a capture reactions make
material around *®Ni at the early high temperatures, but
once cooling ensues, a complicated set of reactions takes

271

26 F A<

place.
e Primarily (p,n), (n,p), (p,y) and (y,p) reactions

* In models, the vp-process appears to make LEPP nuclei,
though many astrophysics and nuclear physics
uncertainties remain

* Interestingly, the vp-process may also explain the
existence of some of the lower-A p-nuclei (p what!?)

30 32
neutron number

34
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To keep life interesting, there are p-nuclei

p-process
isotopes

*Ten minutes ago, when we still had our
youth, we were pretty into the idea of
neutron-capture producing most of our
elements. But how would neutron-capture
produce these?

*These nuclides (35 of them) on the
proton-rich side of stability need some
other explanation

' r process

" .
s process . decay chains

T. Rauscher et al., Rep.Prog.Phys. (2013)

*The vp-process is a possibility for the low-A A s/r seed
nuclei

ones, but it certainly won’t work for A=Z70 z deflection point (v.n)

*Generally, the favored p-nuclide production
site is the p-process in the outer shells of
massive stars during core-collapse
supernovae. This process comprises
photodisintegration reactions of heavy
nuclides and some capture reactions of the
photodisintegration products




Shocking: the n-process

e Core collapse supernova shockwaves may create conditions for the “n-process”, where the
temperature and neutron-density are such that (n,y) reactions compete with 3-decay not so

far from stability
[So more like a very neutron-rich s-process or cold r-process]

e This could occur when the CCSN shock heats the He-shell, enabling 2°Ne(a,n), leading to a
brief flash of neutrons exceeding the i-process flux, but not the r-process flux

[i.e. ~1018 neutrons/cm?3] o
 The end result is to modify the stellar envelope abundances
107 f———— : —
: Yttrium, Z=39 Zirconium, Z=40
107 £ : E e T
< N post-shock é e 3
PR [I | | \\\ + —@- 15d
g i o || : \ A 20d
0" E [ kSO{aV‘ | - | \ | 25d
f l| l * - B2-05
—12 | L r . . L | . M . . L M [ . A L Ly ||I|I . ~%- 1965
10 e 10" — ' ' ' '
85 90 95 QOMoss Number A95 10C 90 91 92 93 94 95 96
' Mass

Mass Number, A

e This may explain some odd presolar grain abundances, but higher-dimension simulations are
probably needed and grain chemistry (e.g. fractionation of isotopes) is still uncertain



More Shocking: explosive silicon burning

e Closer to the protoneutron star boundary, the CCSN shockwave propagation drives a
complicated network of nuclear reactions,

leading to production of short-lived Subedi, Meisel, & Merz. ApJ 2020
nuclides that could be observed with ok 23ms 1 [[109 ms
y-ray telescopes i !
* This could help characterize the CCSN T i
explosion mechanism ok B
0 b= ] . ] . ] . P — ] . ] . ] .
0 10 20 30 400 10 20 30 40
N N

E.g. #’V(p,y) bridges QSE clusters
during freeze-out, stealing
from the #*Ti cluster

)
O
c
M -
o
c
>
¥e!
<

Paxton et al. ApJS 2015



e Supernovae lacking hydrogen in their spectra and clearly

producing an absurd quantity of nickel are known as type 1as

* The way to make this happen is to explode a white dwarf
(or two) and burn all of the carbon and oxygen which these
objects are mostly made of

 No matter whether it’s an accreting white dwarf driven over

the Chandrasekhar mass or two merging white dwarfs, the
end result is *2C+%2C and ?C+0 fuse to release a lot of
energy, it’s so hot that material is driven into nuclear
statistical equilibrium, mostly making stuff near >®Ni

e It’s clear that the ?C(a,y) rate is critical for setting the
C/0 ratio that will impact the explosion

lorr / Mon

* Interestingly, the progenitor choice and nuclear reaction
rates appear to affect some isotopic ratios, by way of
proton-capture reactions producing proton-rich nuclides,
which B-decay and effectively neutron-ize the material
that will be photo disintegrated in the explosion
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Other cool explosions: X-ray superbursts

m"" -

* Explosive C burning can occur elsewhere as well -

* Energetic explosions, known as x-ray superbursts -
(we’ll talk about the ho-hum regular ones in a moment)
are difficult to explain with anything other than = |

eXpIOSive Carbon burning " FIH_ I: _Ili_]?':_ J_I _l.{_ L; -I_l _IIJN 'I? llll l"l '_’ll Z\ 25 26 27 28 29 30 31 32

Time since start superburst (hours)

e The idea is that the carbon is accreted onto or made on the
neutron star surface until a sufficient density is built-up that
12C+12C fusion is triggered _ —

e The reason '?C is favored is that lower-Z fuels would burn before
enough material is built up to explain the energy of the
explosion and higher-Z fuels would build up more fuel and be
too explosive

C'.l:— s = E

* In models, these explosions are so energetic that they lead to
nuclear statistical equilibrium, like carbon-burning in Type 1as,
and so there isn’t much mystery as to what their mass ML \
distributions would be. The outstanding mystery is that the p A Cummingetal Apj2006 o\
predicted and observed ignition depths for carbon don’t quite o e tours) 100
line-up

Mormalized Count Hate

Fig. 9 —Fitted light curve for Sa X-1.



Other cool explosions: X-ray bursts

1 ————T T — e el

A more standard scenario for an W.Lewinetal. sSRv 1993 | =
accreting neutron star is that it’s AN o SO TP RN R
building up hydrogen and helium X = AR ==
and one of those materials is = W aaanr |
going to ignite first, depending > o AT =
on the H/He ratio and the rate S s =i
material is being dumped onto < ?:é?%i(é}?": At S K Schatz et al. L 2001
the neutron star Voo T E"(‘Sg:%?l T o )

* The cases where H is stably 190 20,%;"82?08)230 ;5555%24?' , N B decay
burned until He ignites and L +7 (o.p)
triggers an explosion are the Sl -, i a s
most interesting from a nuclear N o 4 ey
physics stand-point, as they lead _Jeoogd”  Reaction sequence:
to the (rapid-proton-capture) / v S 3a-»>HCNO=-»ap-process =»rp-process

e
rp -process T -aal N




The waiting-point approximation, but for proton-capture
7=80 &

* The rp -process roughly proceeds in a
similar style as the r-process, except here
proton-captures proceed along isotonic
chains until a critical proton-separation
Sy energy is reached

* The critical S, for which (p, V)_(v,p) is

Sn (S8

In (49)

e 54)

established depends on the temperature 7=28 .
and proton density g:‘?ﬂ:‘
» Given the typical conditions, p~10® —=, Z=20, e
cm il
X(H)~0.7, and T~1GK, it turns out ,-F"fé'
n,~n, and so just comparing the 53 | imein ] ol
forward & reverse rates isn’t a bad o 1
. . . e, Z F | Je” ’ - 111 jl
approximation to find the critical S, 5 R
* This turns out to be 5,~1MeV mf”‘“‘ =
N=8
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Tc(43 []
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Nb (€1)
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rex) B i 485
As(33) m TindTd
Ge 2] I~ 1
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232 ——I B
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Nuclear power, but useless: the rp-process

*As a purely nuclear-powered event, it’s not surprising 9CU(p,7)Zn Dn |
X-ray bursts are sensitive to nuclear physics

uncertainties

— - — 2A1(p,y)*Si Up |
- 2713{[;;'?)255 Dn |
~- 8Ga(p,y)®Ge Dn |
—— %Ni(p,7)”"Cu Dn |

e|mportant rates fall broadly into the categories:

/gnition: Reactions that enable the system to break-
out of the stable burning of hydrogen via the CNO
cycle. E.g. °0O(a,y)

*Branch points: Nuclei that have reactions competing,
causing matter to evolve to higher-Z via one path or
another. These reside in the (a,p) process that marks
the start of the rp-process. E.g. 3°S(a,p)

—-— ¥K(p,7)%Ca Up |

AN 37Cu(p,y)*®Zn Dn |
22Mg(p,7)?°Al Dn |
Baseline

Luminosity (x10% ergs/sec)
—
|

— | | |I I -...
B ' R. CYburt et al. ,lApJ (2016)"'-~~ - \ .; LR

e Waiting points: Nuclei that have low (or negative) N
proton-capture Q-values and long half-lives, so (vy,p) 0 % 0 10 20 30 40
competes strongly with (p,y) and B-decay is slow. time (s)

These stall the rp-process. E.g. %3Se

. : , , Neutron stars have very large
*Cycles: Branch-point nuclei that either return material gravitational binding energies, so the

to a repetitive reaction loop or allow the rp-process to material produced by the rp-process
continue onward to higher-Z. E.g. >°Cu does not enrich the galaxy.



The rp-process, but for white dwarves: Novae

A similar sort of process (CNO burning— thermonuclear
runaway — rp-process) can also happen on the surface
of a white dwarf accreting hydrogen/helium-rich
material from a companion star

* The big difference is that the white dwarf has a much
smaller surface gravity, which means

e Lower temperatures are reached in the explosion,
since less fuel is needed to spark a runaway. This
means that only the proton-capture reactions are
relevant (i.e. not a-capture)

e Material can escape the smaller gravitational
potential, so these explosions can enrich the galaxy
and contribute to nucleosynthesis. It’s thought that
the signal of this nucleosynthesis is present in pre-
solar grains found in some meteorites

TEMPERATURE (K)

Starrfield, lliadis, & Hix, PASP (2016)
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Nuclear reactions in neutron stars: Crust reactions

Last episode, on accreting neutron stars, we left-off with accretion disk
the fact that x-ray bursts and superbursts make bright
flashes of light and a range of nuclei ...but what happens

to those nuclei? ~ -

*They’re buried further into the neutron star oceanand 4| simosphere 0,a-capture
crust, where the density increase substantially with P
depth. The first interesting consequence is that the ocean C-fustlon,

e -Ccapture

electron Fermi energy gets large enough to force
electrons into nuclei, converting protons to neutrons

*Electron-capture reactions can either deposit or liberate
heat, depending on the nuclear physics specifics

*Deeper in the crust, the neutron-degeneracy pressure
rises to the point that neutron-emission/capture occurs,
releasing more heat

*Near the point where it doesn’t make sense to talk These heating/cooling processes can leave
aboqt nuclei any more .(I?ecause . ”e“.trof‘ 8§35 specific signatures in observables from
dominates the composition), the density is large enough i cieting neutron stars, in particular in

to fuse nuclei in a process called pycnonuclear fusion systems cooling off after prolonged
accretion stops

Ius

rad
density
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Further Reading

Chapter 12: Modern Nuclear Chemistry (Loveland, Morrissey, & Seaborg)
Nuclear Physics of Stars (C. lliadis)
Cauldrons in the Cosmos (C. Rolfs & W. Rodney)

Lecture Materials on Nuclear Astrophysics (H. Schatz)

Chapters 10 & 11: Stellar Astrophysics (E.F. Brown)

Chapter 6,9-13: Stellar Structure and Evolution (O.R. Pols)

White Paper on Nuclear Astrophysics, Prog.Part.Nuc.Phys (2017)



https://people.nscl.msu.edu/%7Eschatz/PHY983_13/schedule.htm
http://web.pa.msu.edu/people/ebrown/docs/stellar-notes.pdf
http://www.ucolick.org/%7Ewoosley/ay112-14/texts/pols11.pdf
http://www.sciencedirect.com/science/article/pii/S014664101630076X?via%3Dihub
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