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Chemical Elements as Tracers
of the Evolution of the Cosmos
A network to bring European research,

science and business together to further Keel
our understanding of the early universe Uni\fgrseity
Galactic
Nuclear Physics Astrophysical 3 .
Theory Site Modelling che;ln :d:ﬁir:‘zmlc
WGl WG2 WG3
Funding for
9 Formal
i Nuclear Physics Astronomical
COl laboratlon Experiments WG4 Observations COO pe ration W|th
visits: STSMs!!
JINA-CEE
underway!!
SMEs,
Governmental
Agencies

30 countries joined ChETEC to coordinate research efforts in Nuclear Astrophysics:

Austria, Belgium, Bulgaria, Czech Rep., Croatia, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Israel,
Italy, Lithuania, Malta, The Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovakia, Slovenia, Spain, Sweden,
Switzerland, Turkey and United Kingdom


http://www.chetec.eu/

- Intro to stellar evolution and nucleosynthesis sites

- Stellar evolution modelling & physical ingredients
- Nuclear uncertainties: overview & MC studies
- Stellar uncertainties: overview & convection

- Summary & outlook



Fvolution of Surface Properties

Main sequence: o wowa B mE omNgRel o

hydrogen burning
After Main Sequence: wR 4

Helium burning

Low and intermediate-mass stars:
MS — RG — HB/RC — AGB — WD = |
Massive stars: _
Supergiant stage (red or blue)
Wolf-Rayet (WR): M > 20-25 M_

WR without RSG: M > 40 M_

 Ekstroemetal 12 5%

_ 0 72=0.014
Advanced stages: C,Ne,O,Si .
- rotaltion

— iron core — SN/NS/BH aE i

http://www.astro.keele.ac.uk/~hirschi/animation/anim.html

logiN/H)+12
v 12

410


http://www.astro.keele.ac.uk/~hirschi/animation/anim.html

Central Temperature vs Central Density Diagram

Evolution of central

properties

What is the slope of
the evolutionary
tracks?

log (T, [K])

i 0.8

|1 0.2

I I 0

log (p, [g cm™3])
Ekstroem et al 12



Evolution of the temperature
and density at the centre

Pgaz=PdegNR
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 Non — Degenerate Conditions

Evolution of central . :
properties
8.5
M|
& |
®w g
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y . %08 . , % 0 5 . 1M,
Ekstrom et al. (2012) 0 : 4 6

log (p, [g em~2])
A&A, 537, A146)



- Mass Domains
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Lecture notes from O. Pols taken from:
http://www.astro.ru.nl/~onnop/education/stev_utrecht_notes/ 10g Pc


http://www.astro.ru.nl/~onnop/education/stev_utrecht_notes/

- Mass Domains
Herwig, ARAA, 2005

T CO white dwarfs
Asymptotic om burning s-process
giant i : . T
pranch C-star formation
l AGB low-mass AGB
M A £
Intermediate mass stars Low-mass stars
fate: neutron star
or black hole
Massfm._.,, 10 8.0 4 1.8 1.0

Massive stars: > 9 M_: go through all burning stages
Intermediate-mass stars: 1.8 - 9 M_ do not ignite C-burning in centre

(C-flash for SAGB stars)
Low-mass stars: <1.8M_ do not ignite He-burning in centre (He-flash)



_ Strucuure Evolution of Massive Stars

12|
L} = ] 10—1
10} Convective envelope
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.é. 8 _ I _10_2
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log1o(Time left until last model) [yr]
Convection takes place during most burning stages



 Massive Stars: Evolution of the chemical composition

Burning stages (lifetime [yr]):

M=25 M,, v,_,~300 kms-!, Z=0.02, a_,=0.1

Hydrogen (106_7). 1HH4He 1:lllflllll'l['II|||']IIIIIl'll'l['lIl'llll'll]ll"ll"llllf'll'llé
& 12C 180 _, 1N prie {He
’ 0.1 & :
Helium (10°°): *He — '“C, O : )
&N — 80 — 2Ne L an
S
P 2 2C
Carbon (10%°):"*C — *°Ne, **Mg N T T T T T T T T T T T T T T oN
1 =p4N
Neon (01_1) 2ONe AN 160, 24Mg iﬁgg """""""""""""""""""""""""""" ~peg
RTINS NEE AN TN ENE EERASNTESENANE T FENE NN NS FETE I
Oxygen (0.1-1): O — °Sj, *S 02 4 6 8 10 12 14 16 18 20 22 24
Log(7i.0)=8.93709906 m, [M,]

Silicon (107°): #°Si, *S — *°Ni

http://www.astro.keele.ac.uk/~hirschi/animation/anim.html
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12 Raphael Hirschi

Keele University (UK)



 Supernova Explosion Types

Massive stars: — SN |l (H envelope),
Ib (no H), Ic (no H & He) — WR

thermonuclear core collapse

[| <« H = Jif

. . [P
3'-35¢ HeI yes ‘:‘ e .,;ﬁ'fﬁ:"‘f
\ A
White dwarfs (WD): e
interaction

in binary systems
Accretion —

Chandrasekhar hy,ﬁwe

mass — SN la (Turatto 03)

Ib/c pec| |1In




Massive stars: — SN |l (H envelope),
Ib (no H), Ic (no H & He) — WR

thermonuclear core collapse
1| «=— H =» %CSN?
Sill_. Tl e
=y HBI\?‘: ' W gt
White dwarfs (WD): -\ ocone
interaction

in binary systems Ib/c pec||1In

Accretion — _ 9
Chandrasekhar GRB o PCSNE
mass — SN la (Hirschi+05 (Turatto 03)

Woosley+06
Yoon+06, ...)



- Intéivedioie O Low Mas S

5M_star: AGB phase Structure in AGB phase
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From SE notes, O. Pols (2009)



Woosley, Heger

& Weaver,
2002 RvMP
Vol. 74.

p. 1015

See Ritter+
2018,
MNRAS

For full grid of
models

TABLE III. The origin of the light and intermediate-mass elements.

Species Origin Species Origin Species Origin

H BB 0Si C.Ne Ay a,la-det,xS1.xO,»
’H BB 1p C.Ne 0Cy xSi.xO, a, la-det
‘He BB,L* S x0,0 2Cr xSi, a,la-det

“He BB.L* H 3 xO.xNe 3Cr xO . xSi

oL CR S x0.0 MCr nse-laMCh

"Li BB.v.L* CR 3683 He(s).C.Ne SMn [a.xSiv

‘Be CR Bl xO.xNe,v MFe [a.xSi

19 CR 37y He(s).xO,xNe e xSi.la

1B v BAT x0.0 TFe xSi.Ia

12C L* He BAr x0.0 BFe He(s).nse-IaMCh
3¢ L* H AT He(s).C.Ne *Co He(s).a.la.v

N L* H FK x0O.0.v BNj o

N novae,v WK He(s).C.Ne ONj . He(s)

10 He HK xO OINj He(s).a.la-det
170 novae, L* HCa x0.,0 92Nj He(s).a

150 He “(Ca xO %INj He(s)

Y v,He L* BCa C.Ne,a %3Cu He(s).C.Ne

Ne C HCa a.la-det Cu He(s)

2INe C Ca C,Ne 7 n r-wind.a,He(s)
2Ne He BCa nse-laMCh %67 n He(s).aw.nse-IaMCh
»Na C,Ne H ®Sc a.C.Ne,v 77 n He(s)

“Mg C.Ne 40T x0O.la-det %87 n He(s)

Mg C.Ne T la-det,xO,xSi r v-wind

Mg C,Ne BT xSi,la-det p xNe.O

7Al C.Ne i xSi s(A<90) He(s)

288i x0.0 OTj nse-laMCh.He(s) s(A>90) [*

298i C.Ne Oy C.Ne.xNe.xO




Production Factors

! NUGrld " ® www.nhugridstars.org

® data.nugridstars.org
® wendi.nugridstars.org

The Nucleosynthesis Grid (NuGrid) project mantains and develops
tools for post-processing nucleosynthesis simulations, and applies
these to produce complete sets of stellar yields.

Ritter+RH+2018, MNRAS

® 3.0Msun
€ 5.0Msun
P 25.0Msun

v';
v"
v?Y
v
Vv
.
[X/Fe]

20 40 60 80
Atomic number

0 -3 -2
[Fe/H]

Final elemental production factors for a

low mass AGB star (3 Msun), a massive GCE simulations: OMEGA vs other codes,

AGB star (5 Msun), and a massive star NuGrid yields vs other yields (BC+17, ...).
(25 Msun) (MP+2016 ApJS, CR+18, MNRAS).
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Stellar structure equatlons + physical mgredlents

- Mass loss

- Rotation

- Magnetic fields
- Binary interactions
- Equation of state, opacities & neutrino losses

including metallicity dependence



Stellar Structure Equations

=

The four structure equations to be solved are:

dr 1

om rp

or G'm 1 9%

om — 4mrd 4xr2 of2

L, ol 0 0P
om T TP T o
or Gm1 _

om  AmripP’

(Assuming spherical symmetry: one-dimensional model)

| |

Lecture notes slide from Achim Weiss
MEEERT 102011 swellar Structure - p&6
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- Charged partlcle reactions:

Key uncertain reactions dominating energy generation during

secular evolution have already been identified

Explosive environments (e.g. Novae) have additional uncertain

rates

- Weak interactions & neutron-captures:

Many reactions involved in e.g. s process.

How can we determine which are key?

Bottlenecks, branching points, neutron source/poison reactions

How to consider current uncertainty and importance?



_ Monte Carlo Sensitivity Studies

Monte Carlo Framework:

- PizBuin MC-wrapper
Rauscher+ 2016MNRAS.463.4153R

- Simple “brute force™ approach

- Parallelised using OpenMP

Nuclear Reaction Network:

- Solver: WinNet (Winteler+ 12)

- Reaction rates <« reaclib (Rauscher & Thielemann 00)

= McWinNet
beta-decay & (n,g) uncertainties are T-dependent!

Largest simulations: ~1000 trajectories x ~1 min per run
X 10,000 MC iterations


http://adsabs.harvard.edu/abs/2016MNRAS.463.4153R

~ Temp.-Dependent Uncertainties for (ng)

For details, see T. Rauscher, ApJL, 775, 2011

- Theoretical

- basic rates: Reaclib (Rauscher & Thielemann 2000)

- a constant factor 2
- Experimental

- base rates: KADoNIiS v0.3 (Dillemann el al., 2009)
- the formula: Rauscher, AplJ, 775, 2011

U(T) — Ug.S.X + Ue.s.(l — X)

e ground state (experimental based):

0.1 |

Ugs. ~ 1.0 —-1.3

e ecxcited states (theory based):
Ue.s. = D (given constant)

X (T): the fraction of particles
in the ground state

-2 1
10
10°

X: %Kr(n,g)**Kr

Experiment (ka03): Kr83 (n,+)

— }{—factur|

S-ProcCcss

p-process

10"

Temperature, GK

10°

10°



_ Temp--Dependent Uncertantses for beta-Decays

- beta-decay: only the ground state 1.3 (30%)

- beta-decay: T-dependent

(Takahashi & Yokoi 1987, Goriely 1999)

U(T) = gy + s (1 - 90(1T))

e ground state: ugs = 1.3 (30 %)
o excited states: ue.s = 10

go: partition function
of the ground state

Beta-decay: ”Se — ”Br

- upper
106 || — standard
- lower

T /S-process

——— - S

p-process

——————
-

10° 10"
Temperature, GK

10!



S Process in Massive Stars

Kaeppeler, et al, 2011, RvMP, 83, 157, ...
Weak s process: (slow neutron capture process) during core He- and shell C-burning

He: T > 0.25 GK N = 50
(~ 21.6keV) zr | o
r-only isotope [ N
s-only isotope
s
. s-process branching .
Kr =
N -SOU rce 22N e (a y n ) . seed for s-process e
. Se 74
Seed: iron e o
Poisons: ce - [2]r=trei [
Ga |- R S RN ‘
- He-b.: 22Ne, 25Mg, 5 e Tolol B
Cu 63 -:\ \65' s ‘
160, 12C q ﬂ I
Ni 58 69: =6k § -62- - 64 -|=*
= C'b . : 24 M g ’ 25 M g ; Co 59: :~' region of r-process synthesis
. decay of r-process material
Fe E 57=|-58 4 == indicated by arrows
160 ; 20 N e

At solar Z: rotating models may produce up to 3x more s process
(See also Chieffi, Limongi, 2012ApJS..199...38L)

How much s process do massive rotating stars produce at low Z?



~ Results for Weak s Process

N. lehlmura+ 2017 http //adsabs harvard. edu/abs/2017MNRAS 4609. 1752N
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http://adsabs.harvard.edu/abs/2017MNRAS.469.1752N

Key Reaction Lists for Weak_ s Process

N. Nishimura+ 2017: http://adsabs.harvard.edu/abs/2017MNRAS.469.1752N

Nuclide  reoro  Feord Teor.2 Key Rate Key Rate Key Rate Xo Weak Rate

Level 1 Level 2 Level 3 (8, 30 keV) (8, 30 keV)

&7n 0.76 4 Cu(p)*™Zn 1.30, 1.36

-0.46 -0.73 64 Cule™, ve )®*Ni e~ capture
677n -0.67 677n(n, v)%®Zn 1.00, 1.00
2Ge -0.85 2Ge(n,y)?Ge 1.00, 1.00
B Ge -0.84 BGe(n, y)*Ge 0.88, 0.81
"4 Ge -0.44 -0.54 -0.67 *Ge(n,y)?Ge  1.00, 1.00
S As -0.50 -0.59 -0.70 SAs(n,y)’®As  1.00, 1.00
TSe -0.86 "Se(n, y)'®Se 1.00, 1.00
#Se -0.71 78Se(n, v)?Se 1.00, 1.00
0.38  0.68 687Zn(n. )% Zn 1.00, 1.00

805e -0.76 80Br(B)*'Kr 1.31, 4.70

0.27  0.73 B0Br(3")3Se 1.31, 4.70

0.16 0.44  0.88 80Br(e™, 1.)*Se e~ capture
“Br -0.64 -0.73 Br(n, y)*Br 1.00, 1.00
81Br -0.80 81Kr(n, y)*2Kr 1.00, 0.98
8 Kr -0.76 8 Kr(n, y)¥Kr 0.81, 0.74
B Kr 049 -0.65 -0.76 ¥Kr(n,y)¥Kr  1.00, 1.00
86Kr 0.84 S Kr(n, y)*Kr 1.00, 1.00
-0.30 -0.70 8Kr(n, y)¥ Kr 1.00, 1.00

0.34  -0.62 -0.90 BKr(s7)®Rb 1.30, 1.30
8TRb 0.56 -0.65 -0.95 TRb(n, y)*®*Rb  1.00, 1.00



http://adsabs.harvard.edu/abs/2017MNRAS.469.1752N

Key Reaction Levels 1-3:

N. Nishimura+ 2017

- Level 1 key rates dominate the
uncertainty for a given 1sotope

- Once level 1 rates are fixed, then
Level 2 rates become dominant

We adopt the Pearson product-moment correlation co-
efficient Pearson (1895) to quantify the correlation be-
tween rate variation and the final abundances (also used
in Rauscher et al. 2016), defined by

Z(x,: ~ i - §)

Tcor = (4)
JZ@ - X)QJ Zm —§)2

where x; and y; are variables with & and y being their arith-
metic mean value, respectively. The summation is applied
to all data for the MC runs i = 1,2,3,---,n. Here, x and
vy in Equation 4 correspond to variation factors f and final
abundances Y.

Correlation, |req|

Correlation, |re|

1.0 weals reaction H’K}_‘ (n, )/ (~,n)
Lvl
E e B85 E{TEJL.?]‘\"{’ Kr
0.8+ .
0.6| ]
00— S — §
* 55— 80nn z . -
E & 26 [{rujJL.'jr]Er Kr
0. 20 S — l
E a
0.0L%e ® e o Wode K pe o 4e e & Gue]

'00 100 200 300 400 500 600 700 800 900

Reactionlndex

1.0 weal: reaction m’Kl‘ (n, )/ (v, n)
Lv2
0.8} :
E * F6Kr(in, )% K
06l & SR, 0TI TTTTIIIITTY ]
17— S .
0.2 | S e e .
%
0.0 e g0 (0o $% ¢4 0T (@0 oo oo |

0 100 200 300 400 500 600 700 800 900

ReactionIndex



 Key Reaction Lists

Priority lists established for:
- Enhanced (weak) s proc.

in low-Z fast rotating stars:
N. Nishimura+ 2017 MNRAS

- i process: Denissenkov+

2018JPhG...45e5203D

Abundance, logy(Y/Ypeax)

-04r

log

=10

Element
Sr Sr Zr Zr Nb Mo Mo Ru Ru Rh Pd Ag Cd Cd In Sn Sn Sn Sn Sb Te Te Xe Xe Ba Ba La Pr Nd
T T 11 LI " I I I I B B
W3 Sr Y Zr Zr MO Mo Me=Ru Ru Pd Pd Ag Cd Cd In Sn Sn Sn Sn Te Te I Xe Cs Ba Ba Ce Nd Nd
B o o e e e e e e e e e e e -t mm et mm e

87 B9 91 94 94 96 98 100102104 108109110114 115115117119 122122 124127 130133 136138 140142 14
N T T T T O T T Y I A R

86 88 90 92 93 95 97 99 101103106107 108112113114 116118 120121 123 126 128132 134137 139141144

Mass number, A

- Gamma (aka p) process in CCSNe: T. Rauscher+ 2016
http://adsabs.harvard.edu/abs/2016MNRAS.463.4153R

- Gamma (aka p) process in Sne la: Nishimura+ 2018, MNRAS

- Main s process (C13-pocket & TP) Cescutti + 2018, MNRAS

1.00

0.85

o
N
o

o
U
o1

S
N
o

410.25

0.10

Frequency, F/F,ex(Y)
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List of neutron capture processes
(with products observed/measured)

e The r process (neutrino-wind, NS mergers,
jet-SNe, etc) - N > 10" n cm™;

* The n process (explosive He-burning in
CCSN) - 10" nem™<N < 10" ncm’;

» The i process - 10" ncm”<N <10 ncm™;

e The s process (s process in AGB stars, s
process 1n massive stars and fast rotators) —
N <10"ncm”.
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PRODUCTION OF *C AND NEUTRONS IN RED GIANTS

JoHN J. CowAN AND WILLIAM K. ROSE

Astronomy Program, University of Maryland, College Park
Received 1976 June 28

stellar/hydro

\

2 § ABSTRACT
We have examined the effects of mixing various amounts of hydrogen-rich material into the

intershell convective region of re 1ants undergoin elium she ashes. € Iind that significant
amounts of 12C can be produced via the 1*N(#n, p)i*C reaction. If substantial portions of this
intershell region are mixed out into the envelopes of red giants, then '*C may be detectable in
evolved stars.

We find a neutron number density in the intershell region of ~10*5-10'7 cm 2 and a flux of
~102%-102° cm -2 s 1, 1s neutron Hux 1s many orders of magmnitude above the flux required
for the classical s-process, and thus an intermediate neutron proc i-process) may operate in
evolved red giants. The neutrons are principa produced by the 1Y (e, #)1°0O reaction.

In all cases studied we find substantial enhancement3gg 0. N\hese mixing models offer a
plausible explanation of the observations of enhanced "@Nn the chrbon star IRC 10216. For
certain physical conditions we find significant enhancetsgnts pf N in the intershell

region.

nuclear/stellar
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“Simulation” from F. Herwig

N13 and/or C13 are mixed for hours in regions with typical He-burning
temperatures (T9 ~ 0.25-0.3 GK), together with Fe-seed rich material.

Main source of neutrons: C13(a,n)O16

Possible sites: low-Z LMS & MS; RAWD
Challenge: requires multi-D hydro simulations
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1 process in RAWD

Denissenkov + 2018: ArXiV 1809.03666

Figure 3. Fractional volume of the fluid ingested into the con-

vection zone in run E10 at ¢ = 359.8 min. The colour scale 1s log-
arithmic and very low concentrations are transparent. The front
half of the sphere is not shown and the camera is looking into the
back half of the sphere in this rendering.

ol
— )
g t A
model A 1
model B
model C
model D 1
— model E
— model F ]
30 40 50 60 70 80

charge number Z

Figure 11. The elemental i-process yields (solar-scaled mass frac-
tions) from our RAWD models. For comparison, the abundances
of the first peak n-capture elements measured in Sakurai’s object
by Asplund et al. (1999) are shown as filled black circles with er-
rorbars. They were interpreted by Herwig et al. (2011) as results
of the i-process nucleosynthesis in the convective He shell during
its very late thermal pulse in a model of Sakurai’s object with a
half-solar metallicity.
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Stellar Explosmns 2
Type la Supemovae || ClasSical Novae || X Ray Bursts

Type Ia Supernovae (problems, challenges & mysteries)

* homogeneity: only ~70% of all SN Ia have similar spectra, light curves
and peak absolute magnitudes (Li et al. 2011): diversity of SNla
progenitors?

* Scenario: not understood ! single degenerate (WD + MS companion) vs
double degenerate (WD + WD)

* Propagation of the burning
front: subsonic vs supersonic

(what causes the predicted

deflagration/detonation transition?)
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Stellar Explosmns 2
Type la Supemovae || ClasSical Novae || X Ray Bursts

* Nucleosynthesis: five burning regimes: “normal” and “a-rich” freeze-out
from nuclear statistical equilibrium (NSE) in the inner regions, and
incomplete Si-, O-, and C/Ne-burning in the outermost layers (Thielemann

ct al. 1986; Woosley 1986)
systematic overproduction of some Fe-peak 1sotopes (50Ti, 54Cr)

10 ) -
10, o ® e ® % 3}
1071 DE 0 iﬂ : 5 °° s i
3| @
o 107 ° Ei’g o0 . U™ )
A = Oe i
% 0 U g o ° @
E 4ok ° ® %00 i
— [l
0 10—6 L e O O e 0o® |
UO) ® B
T ® ° -
mlis) o
10°F ® T ) . -
L e e DDTmodel| e, _ Parikh, JJ, Seitenzahl & Ropke,
0 0 W7 model 0 A&A (2013)
1()"]0 i | l ] | | 1
10 20 30 40 50 60 70

443 1sotopes (H — Kr); 5267 links

Mass number A



Steliar Explosmns A A A
Type la Supernovae || ClasSical Novae || X-Ray Bursts

w7 DDT W7+DDT

Reaction Importance

*Nuclear Uncertainties Case A [ Case B [ Cae ©
2C(a,y)'°0 X X
12 C(DC,(Y)ZUNC X X
2C(2C,p)*Na X X
16
|

°O(n.y)'’O
*O(a, y)-“Ne
*'Ne(n,y)*'Ne
'Ne(a, p)**Na
2()Ne((l’, 7/)24Mg
*’Ne(p,y)*Na
2Ne(a, n)*Mg
Na(n, y)**Na
PNa(a, p)**Mg X
*#Na(p, n)**Mg
*Mg(a, y)*Si
“Mg(n,y)**Mg X
P Mg(p, y)°Al
Mg(p, n)* Al
27Al(p, y)ZSSi
T Al(er, p)Si X
2Si(a, p)*'P
3[)81(]), ,y)3l P
OSi(a, y)‘”S
OSi(a, n)*S

) ) - 2P(p,n)S
Parikh, JJ, Seitenzahl & Ropke, “S(a,p)7Cl
S(p.n)*°Cl
A&A (201 3) “Ca(a, y)*°Ti
458(:(1), y)*Ti X
BSe(p, )P Ti

e e T Tl i Sl

el

T R o o e e R o T o I TS i S e

>~

Table 2. Summary of important reactions from Table 1. Variation of each of the listed rates by a factor of 10 (up or down) modified yields of at
least three species by at least a factor of two in the W7 model (*Case A™) or the DDT model (“Case B™). If variation of the rate aftected the yield
of at least one species in borh models, it is designated as “Case C”.



Stellar Explosmns -
Type la Supernovae || Classical Novae | X Ray Bursts

Classical Novae (problems, challenges & mysteries)

* Mixing mechanism at work at the core-envelope interface during nova
outbursts (3D turbulent convection?)

* The amount of mass ejected predicted by 1-D models 1s smaller than
values *inferred* observationally

............................

* Interaction between the nova & 1 @
ejecta, the disk and the stellar | |
companion poorly studied:
origin of y-ray emission at
E >100 MeV?

0 2 4 6 8
x (x 107 cm) x (x 107 cm)

Casanova, JJ, Garcia-Berro, Shore & Calder (2011)




Steliar Explosmns o o
Type Ia Supernovae || Classical Novae || X Ray Bursts

* Nuclear Uncertainties

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 142:105 137, 2002 September

2002, The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE EFFECTS OF THERMONUCLEAR REACTION-RATE VARIATIONS ON NOVA
NUCLEOSYNTHESIS: A SENSITIVITY STUDY

CHRISTIAN ILIADIS AND ART CHAMPAGNE
Department of Physics and Astronomy, University of North Carolina, Chapel Hill, NC 27599-3255; and Triangle Universities
Nuclear Laboratory, Durham, NC 27708-0308; iliadis@unc.edu, aec@tunl.duke.edu
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SUMNER STARRFIELD
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AND
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~7350 nuclear reaction network calculations

Main nuclear uncertainties: [**F(p,ot)>O, 2> Al(p,Y)?*Si, *'P(p,Yy)*'S]



Stellar Explosmns

Type Ia Supernovae || ClasSical Novae || X Ray Bursts

Type I X-Ray Bursts (problems, challenges & mysteries)

* Nucleosynthesis endpoint?

* Do they contribute to the Galactic abundances (i.e., do they lead
to mass ejection?)

* Multidimensional effects scarcely investigated



Steliar Explosmns fcops
Type Ia Supernovae || ClasSical Novae || X-Ray Bursts

* Nuclear Uncertainties

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 178:110-136, 2008 September
© 2008. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE EFFECTS OF VARIATIONS IN NUCLEAR PROCESSES
ON TYPE I X-RAY BURST NUCLEOSYNTHESIS

ANUI PARIKH'
Departament de Fisica i Enginyeria Nuclear, EUETIB, Universitat Politécnica de Catalunya, E-08036 Barcelona, Spain; xrayburst@gmail.com

JorDI JOSE
Departament de Fisica i Enginyeria Nuclear, EUETIB, Universitat Politecnica de Catalunya, E-08036 Barcelona; and Institut d’Estudis
Espacials de Catalunya (IEEC), E-08034 Barcelona, Spain; jordi.jose@upc.edu

FERMIN MORENO
Departament de Fisica i Enginyeria Nuclear, EUETIB, Universitat Politecnica de Catalunya, E-08036 Barcelona, Spain; moreno@jieec.fcr.es

AND

CHRISTIAN ILIADIS
Department of Physics and Astronomy, University of North Carolina, Chapel Hill, NC 27599-3255; and Triangle Universities Nuclear
Laboratory, Durham, NC 27708-0308; iliadis@unc.edu

~ 50,000 post-processing calculations
606 1sotopes ('H to '¥Xe) and 3551 nuclear processes



Stellar Explosmns
Type Ia Supernovae || ClasSical Novae || X Ray Bursts

* Nuclear Uncertainties

TABLE 19
SUMMARY OF THE MoST INFLUENTIAL NUCLEAR Processes, As CoLLECTED FROM TaBLES 1-10 TABLE 20
NucLEAR PROCESSES AFFECTING THE TOTAL ENERGY
Reaction Models Affected OuTPUT BY MORE THAN 5% AND AT LEAST ONE IsOTOPE
PC(a, 1) 100 e F08, K04-B2, K04-B4, K04-B5 _
8Nty PP NE oo K04-B1® Reaction Models Affected
25q; 28
I IN NUCH|  0(0. )Ne"..oooe KOA, KO4-BL, KOA-B6
29801, PY2CLcereeeseeseeseeesn K04-B5 NUCLE({d '"Ne(a, py'Na"........... K04-B1, K04-B6
OP(ev, IS K04-B4 2Mg(cv, p)PAlL FO8
8t PYPCllcieccccs e K04-B4,” K04-B5" ! TN 0] e K04-B1
HCI(Pn ",")‘LAI‘ .............................. K04-B1 e 24Mg((t, ;))27/-\1“ ______________ K04-B2
328(er, YPOAT o, K04-B2 [ 269 17q:a
SONH(01s ) CU oo S01.° K04-B3 L AL, ) S ko8
STCU s L0 FOS. F ?:Si(“” P 2;1 Pl K04-B4
SOCU( Py Y)OZ Moo S01.° K04-BS bcnica de Ca S, p) ~qu .................... K04-B4, K04-B5
1Ga( P 7)2GCueeereeeees F08, K04-B1, K04-B2, K04-B5, K04-B6 rcelona, Spa ICU p. V)P Ar s K04-B3
OSAS(Pr 7)OSE v K04.° K04-B1, K04-B2.” K04-B3," K04-B4, K04-B5, K04-B6 28(a, p)PCl, K04-B2
OB Py V)KL o, K04-B7 RENO BCU p, VA . K04-B2
Rb(p, 7 )37681“ .............................. K04-B2 ica de Catal N TC ) O T 501
"éﬁ ﬁ ;*EE ............................. Egj_gg OCU( py V)OZ e S0l
N N Koa s CAS(p, 105 o KOA KOAB2, KOLB3
SSMO( P, PYOTC oo FO8 IADIS HB'(% 7)7 KIoiiiins S01
SOMO(p. NYTC oo F08, K04-B6 hapel Hill Br(p, 1)Ko, K04-B7
STMOo( 2, A)ITC o K04-B6 e 1038n(er, p)“’f’Sb ............... S01
2RU( s )R oo K04-B2, K04-B6 -0308; iliadi
BRIP, NP e K04-B2
AP N)TCA oo K04, K04-B2, K04-B3, K04-B7
20, )PS0 K04, K04-B3
O3 p, 'S0 K04-B3, K04-B7 .
1098n(cr, P08 so1° ations

606 1sotopes ('H to '¥Xe) and 3551 nuclear processes
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Stellar structure equatlons + physical mgredlents

- Mass loss

- Rotation

- Magnetic fields
- Binary interactions
- Equation of state, opacities & neutrino losses

including metallicity dependence



_ Toolution of Massive Stars
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Advantages: Disadvantages:

- model fluid instabilities - resolution dependent?
(e.g. Rayleigh-Taylor) - initial condition

- modeling 3D processes dependent?

- model diffusive and - computational cost
advective processes - limited to dynamical

timescales (t __~ 1s - days)

3D stellar models

' 1<Sino? L R e
What E mlSSl.ng: - j Herwig, Woodward et al 2013
- full star or lifetime simulations

- Large scale (LES) and small scale (DNS)
cannot be followed simultaneously



Advantages: Disadvantages:

- model entire evolution - parametrized physics (e.g.

(At ~ 10° yrs) convection)

- compare to observations - missing multi-D processes

- progenitor models - iIncapable of modelling turbulence

- large grids (M, 7))

1D stellar models

What's missing?

- self-consistent physical descriptions of mass
loss, convection, rotation, magnetic fields,
opacity, binarity



~ Conwection: Current Implementation in 19 Codes

. : Turbulent
Multi-D lggzr?t(r)irbuto . entrainment at Internal gravity
PIOCESSES. turbulent mixin convective Waves
& boundaries

1D prescriptions:

- Energy transport in convective zone: mixing length theory (MLT)
Bohm-Vitense (1957,568), or updates, e.g. FST: Canuto & Mazitelli

(1991)

- Boundary location: Schwarzschild criterion OR Ledoux (+semi-
convection)

- Convective boundary mixing (CBM, also composition dependent)



1D Model Uncertainties

Martins and Palacios (2013)

Different prescriptions for

| M= ED . 4
5.2 Ma convective mixing and free

parameters strongly affect

post-MS evolution.

5 - =
g See also Jones et al 2015,
E MNRAS, 447, 3115
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1D Model Uncertainties: Complex Convective History

Detailed convective shell history affects fate of models: strong/weak/failed explosions!!!
Sukhbold & Woosley, 2014ApJ...783...10S Sukhbold, Ertl et al, 2016Apd...821...38S,
Ugliano et al 2012, Ertl et al 2015
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F1G. 1.— The compactness parameter, {2 5, (eq. (1); O’Connor
& Ott 2011) characterizing the inner 2.5 My of the presupernova
star is shown as a function of zero-age main sequence (ZAMS) mass
for all 200 models between 9.0 and 120 M. The compactness

Non-monotonic behaviour!

We are particularly interested in how the “explodabil-
ity” of the presupernova models and their observable
properties correlate with their “compactness” (Fig. 1;
O’Connor & Ott 2011)

m /
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JF = N ]_
M = BRI /1000 K e @

and other measures of presupernova core structure
(§ 3.1.3;Ertl et al. (2015)). Using a standard central en-
gine in presupernova models of variable compactness, a
significant correlation in outcome is found (§ 4). As pre-

~ s A N
log(tee / yr)

Fic. 13.— Convective history of four models showing the major



1D Model Uncertainties: Possible Shell Mergers

Tur, Heger et al 07/09/10
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Rauscher, Heger and Woosley 2002: “Interesting and unusual nucleosynthetic results are found
for one particular 20M model as a result of its special stellar structure.”

Shell mergers also affect compactness

Convection physics uncertainties affect fate of models: strong/weak/failed explosions!!!



Way Forward: 1 to 3 to 1D link.

Targetted 3D simulations

Uncertainties in 1D

e.g. Arnett & Meakin 2011, ...
Mocak et al 2011,
Viallet et al 2013, ...

Meakin et al 09 ; Bennett et al (thesis), Jones et al 16

— Determine effective coefficient / improve theoretical prescriptions
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14 l Mach number colour map
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_ Large-Scale Hydrodynamic Simulations

- Millions up to billions of computing hours are needed to simulate

fluid flows in a small part of stars

A

The simulation shown in this talk would have taken 85 years on this laptop!!

It only took a few months on a super-computer in Durham!



 From 1D to 3D

C-shell in 15 M _, Z=0.014 1D stellar evolution model
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5D Cshell Simulations




3D C-shell Simulations: |v| movie

http://www.astro.keele.ac.uk/shyne/321D/convection-and-convective-boundary-mixing/visualisations


http://www.astro.keele.ac.uk/shyne/321D/convection-and-convective-boundary-mixing/visualisations

5D Cshell Simulations




- 3D versus 1D
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Top: u_ ~ 20,000 cm/s; Bottom: u_ ~ 3,000 cm/s. Rescaled for eps, boosting (1/1000)
— In 1 year, top: AR ~ 6x10% cm, bottom: AR ~ 10® cm: large but reasonable

Consistent with oxygen-shell results and entrainment law.
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Way Forward: 1 to 3 to 1D link.

Targeted 3D simulations Uncertainties in 1D

Cristini+2017
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_ Nea Sueps? Other Phases
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Low-Mach scheme better for for H, He phases!




3D Hydro Efforts/Priority List
* Convective boundary mixing during core hydrogen burning:
 +: many constraints (HRD, astero, ...)
» -: difficult to model due to important thermal/radiative effects
* -: long time-scale
«* Silicon burning:
* +: important to determine impact on SNe of multi-D structure in progenitor (Couch et al 2015a,b, Mueller & Janka
aph1409.4783, Mueller et al ArXiV1605.01393)
* +: possible shell mergers occurring after core Si-burning (e.g. Tur et al 2009ApJ702.1068; Sukhbold & Woosley
2014Apd783.105) strongly affect core compactness
* +: radiative effects small/neqgl|.
- ~ 10° CPU hours needed for full silicon burning phase will be ok soon;
* -: might be affected by convective shell history
** AGB thermal pulses/H-ingestion:
* +: already doable (e.g. Herwig et al 2014ApJ729.3, 2011ApJ727.89, Mocak et al 2010A&A520.114, Woodward et al
2015)
» +: thermal/radiative effects not dominant
7. applicable to other phases?
»* Oxygen shell: (Meakin & Arnett 2007ApJ667.448/665.448, Viallet et al 2013ApJ769.1, Jones et al
ArXiV1605.03766)
« +: similar to silicon burning but smaller reaction network needed
* -: might be affected by convective shell history
«* Carbon shell: (PhD A. Cristini)
* +: not affected by prior shell history
« +: first stage for which thermal effects become negligible
** Envelope of RSG (e.g. Viallet et al. 2013, Chiavassa et al 2009-2013),
o* Solar-type stars (e.g. Magic et al. 2013A&A557.26, ...)



 Ne-burning

Variation relative to centre of CZ, t = 673.8 s (dump 450)
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Mass loss driving mechanism and prescriptions at different stages:
e O-type & “LBV” stars (bi-stab.): line-driven vink et al 2000, 2001

 WR stars (clumping effect): line-driven Nugis & Lamers 2000, Grifener & Hamann
(2008)

e RSG: Pulsation/dust? de Jager et al 1988
e RG: Pulsation/dust? Reimers 1975,78, with n=~0.5
e AGB: Super winds? Dust Bloecker et al 1995, with n=~0.05

e LBV eruptions: continuous driven winds? Owocki et al



 Whatdhangesatlowz?

o Stars are . R~R(Z )/4 (lower opacities) at Z=10"°

- a = 0.5-0.6 (Kudritzki & Puls 00, Ku02)

(Nugis & Lamers, Evans et al 05)

- o = 0.7-0.86 (Vink et al 00,01,05)
Z(LMC)~Z /2.3 => Mdot/1.5 — Mdot/2

Z(SMC)~Z, /7 => Mdot/2.6 - Mdot/5

Mass loss at low Z still possible?
RSG (and LBV?): no Z-dep.; CNO? (van Loon 05, Owocky et al)

Mechanical mass loss « critical rotation
(e.g. Hirschi 2007, Ekstroem et al 2008, Yoon et al 2012)



 Thefate of VMS: BCSN/BHICCSN?

(Yusof et al 13 MNRAS, aph1305.2099)

Z . :1No PCSN

sol
(Rotating) models |
with Z<Z(LMC)
lose less mass,
and enter the { @
PCSN instability ~ Mg
region!
BUT mass loss ’
uncertain!

I
BH P ®—® solar, non-rotating
. & @ solar, rotating
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& 9 LMC, rolating
+—+ SMC, rotating
ENMD?Bi/
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Consistent with Langer et al (2007): PCSN for Z<Z®I3

PCSN range
from

Heger &
Woosley
(2002)
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~ Key Open Questions Concerning Mass Loss

e Mass loss 1n cool parts of HRD: LBV & RSG, especially at low Z

e Position in & evolution across HRD: effects of rotation-induced mixing,
feedback from mass 10SS Yusofet al 13, Langer 07, Sanyal et al 15, Kohler et al 15...

 Mass loss near Eddington limit Gracfener & Hamann 08, Vink et al 11, ...

¢ Importance of clumping, porosity, inflation Fullerton et al 06, Graefener et al. 12,
Vink et al, ...

e Which stars may explode in the LBV phase? Smithetal 11, ... ,Vink et al, ...
 Look of WR stars: radius, spectra Graefener et al. 2012, Groh et al 2013-...

e Additional mass loss mechanisms? Critical rotation at low Z? Shell

mergers 1n late phases of evolution? ... Hirschi 2007, Meynet et al 2006, ... , Smith &
Arnett 2014, ...



Doppler-broadened line profile

Fast rotators — oblate shape:
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~ Stellar Evolution with Rotation: Geneva Code

1.5D hydrostatic code (Eggenberger et al 2008)
Rotation: (Maeder & Meynet 2008)
Centrifugal force: KEY FOR GRB prog.

Geif = Geit (2. 0) = (-EF +Q°r sin®0) &

+Q°r sinf cosb &

Shellular rotation — still 1D: (zahn 1992)

* [nergy conservation:

aLp . 8T 58P e
——— = fpuel — v + €grav = Enuel — €y — Cp— + —— (2.9)
JMp e o re e p dt
o Momentum eguation:
apP GM
L TP (2.10)
IMp -lﬁ?"}l, :
* Mass conservation (or continnity equation):
f}?';) | 5 117
= — 0= Z.11)
dMp  ATrpp
e [ 1S Ju 1
dInT GMp i fr
- = — fpmin|V.q. Viaa— (2.12)
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~ Rotation Induced Transport

Zahn 1992: strong horizontal turbulence s o
~ & : 1\
i "v;;& :"':i‘.i‘f-,

Transport of angular momentum: o % =)
. | Y k?’.if:;u = "I
d [ 5 10, ,- 10 , 00 =, e Y
P (? SE)MP =529, (p? QU (r ))—l— _E (pD? o ) 2 i ; 5 :“ }

advection term HIHHI“IItLIHI = EZl ';231.- s :
Transport of chemical elements: Meynet & Maeder 2000
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horizontal turbulence Brueggen & Hillebrandt 2000



M<~30 M_: Rotatlonal mixing dominates — bigger cores

Massme S tars

M>~3(0 MO: mass loss dominates — ~ or smaller cores
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Uncertainties in strength of rotation-induced mixing Hunter et al 07/08, Maeder
etal 07, ...

Importance/impact of diff. prescriptions & their implementations

(advective VS dlfﬁlSlVe) Meynet et al LNP, 13, Meynet/Maeder et al ..., Chieffi & Limongi et
al 13, Heger et al 2000, Paxton et al 13 (MESA), Martins & Palacios, 13

Interaction between magnetic fields and rotation: Solid body rotation?

More or less IIlleIlg? Spruit 02, Heger et al 05-..., Yoon et al 06-... Maeder et al 2005-...,
Potter et al 12, ...

Impact of binary interactions on distribution of rotation velocities
Langer et al 2012, de Mink et al 2013, ...

Additional transport mechanism for €2 needed «—asteroseismology
Cantiello et al. 14, Eggenberger 15; Spada et al. 16, Eggenberger et al 16, den Hartogh et al 2019



~ Key Open Questions Concerning Binary Interactions

... see e.g. De Marco & Izzard 2017 review on binaries

Distributions: mass ratios, orbital separation, fraction of single stars ...

Common envelope phase and outcome ...

Efficiency of mass transfer: how conservative? Accretion rates for
Novae? ..

SN kicks and angular momentum accretion ...

Triple stars ...



Advert for Recent Activities

- Main & weak s processes:

Large grid of massive star models + weak s proc (Frischknecht+2016, MNRAS):
Nugrid: set 1 (Pignatari+2016, ApJS), set1extension (Ritter+in 2018, MNRAS),
s process with new convective boundary mixing (CBM): (Battino+ ApJ 2016)

- Nuclear uncertainties: MC-based sensitivity studies for gamma-process (CCSNe: Rauscher+
2016, MNRAS, SNIla: Nishimura+2018, MNRAS), weak s process (Nishimura+2017, MNRAS),
main s process (Cescutti+in 2018)

- Stellar uncertainties:

Multi-D tests of convection (Cristini+ 2017, MNRAS) and rotation (Edelmann+2017, A&A)

- Reviews/book chapters: Springer Handbook of Supernovae

“Pre-supernova Evolution and Nucleosynthesis in Massive Stars and Their Stellar Wind Contribution”
(doi:10.1007/978-3-319-20794-0_82-1)

“Very Massive and Supermassive Stars: Evolution and Fate” (doi:10.1007/978-3-319-20794-0_120-1)

- ChETEC COST Action 2017-2021: see www.chetec.eu for details


http://link.springer.com/referenceworkentry/10.1007/978-3-319-20794-0_82-1
http://link.springer.com/referenceworkentry/10.1007/978-3-319-20794-0_120-1
http://www.chetec.eu/

. Condusions & Outlook

- Physical ingredients still uncertain: nuclear reactions,

convection, rotation, mass loss + B-fields, binarity
- Priority lists established: large effort needed!

- 1D to 3D to 1D work underway: new CBM prescriptions

under development!
- Exciting times ahead: complex physics explored &

CPU-GPU supercomputers enable us to do much more in

multi-D



3D C-shell Simulations: |v| movie

http://www.astro.keele.ac.uk/shyne/321D/convection-and-convective-boundary-mixing/visualisations


http://www.astro.keele.ac.uk/shyne/321D/convection-and-convective-boundary-mixing/visualisations

 Recent work,

- Massive stars and the (not always) weak s process:

Large grid of massive star models + weak s proc (Frischknecht+2016, MNRAS):
Nugrid: set 1 (Pignatari+2016, ApJ), set1extension (Ritter+in subm.),
(main) s process with new convective boundary mixing (CBM): (Battino+ ApJ 2016)

- Nuclear uncertainties: MC-based sensitivity studies for gamma-process (Rauscher+2016,

MNRAS), weak s process (Nishimura+2017, MNRAS), main s process (Cescutti+in prep)
- Stellar uncertainties:

Multi-D tests of convection (Cristini+ 2017, MNRAS) and rotation (Edelmann+2017, A&A)
- Reviews/book chapters: Springer Handbook of Supernovae

“Pre-supernova Evolution and Nucleosynthesis in Massive Stars and Their Stellar Wind Contribution”
(doi:10.1007/978-3-319-20794-0_82-1)

“Very Massive and Supermassive Stars: Evolution and Fate” (doi:10.1007/978-3-319-20794-0_120-1)

- ChETEC COST Action started in April 2017: see www.chetec.eu for details


http://link.springer.com/referenceworkentry/10.1007/978-3-319-20794-0_82-1
http://link.springer.com/referenceworkentry/10.1007/978-3-319-20794-0_120-1
http://www.chetec.eu/
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