Making the Heaviest Elements in the
Universe

Working of the astrophysical r-process:
nuclear input, neccessary environment
conditions, astrophysical sites, observational
constraints, and its role in galactic evolution

Friedrich-K. Thielemann
Dept. of Physics
University of Basel




:1H, 2H, 4He, 7Li

1 | H He
0.1k SNII/N

0.01F
1073
1074k
107°F
107 %
1077
1078
1079
10710
1071 |
10-12

Rd Pb
E .Bl

‘311Te

Mass Fraction

Ty
2
8

' Eu

[T
o L=

L

N
 Z=N
Z=N=20
Z=N=28 @@ TR
Z=50_d=

2
I
>

N=82

50 100 150 200
Mass Number A=Z+N

from C. Kobayashi



How do we understand: solar system

abundances..
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Evolutionary Phase

Stellar Evolution as a Function of

Mass
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s-process up to Pb and Bi via “C(a,n) and *’Ne(a,n) in low and intermediate mass stars
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Pop 111 yields (Heger & Woosley 2010)
Evolution of metal-free stars
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Cayrel et al. (2004). taken as representative sample for low metallicity stars (representing core-
collapse supernova yields). E: “Standard” IMF integration of yields from M =10 - 100 M

explosion energy E = 1.2 B (underproduction of Sc, Ti, Co and Zn).
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Extraterrestrial Radionuclides on Earth

“recent” uptake into terrestrial archives

extremely low growth rate (mm/Myr)

integrate over tens of Myr

efficiently enrich content of ocean water column
remote locations - low terrestrial background

LTV

deep-sea mangenese crusts & sediments °ceanexplorernoaa.gov

Direct detection of live 2**Pu and °°Fe on Earth - NIC-2014 07/07/14  A. Wallner @

from A. Wallner




®0Fe-signal in a deep-sea crust
AMS at Munich
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« the only lab yet !
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“Fe Anomaly in a Deep-Sea Manganese Crust and Implications
for a Nearby Supernova Source
K. Knie.! G. Korschinek,!"* T Faestermann.' E. A Dorfi.” G. Ruge],“a and A. Wallner'"
Direct detection of live 2*Pu and *°Fe on Earth - NIC-2014 07/07/14  A. Wallner f:“

Witnessing the last CCSNe near the solar system, see also recent theses by
J. Feige (Vienna) and P. Ludwig (Munich)



Explosions caused by accretion in

binary stellar systems

Type | (a) Supernova

1%
8 v
N/
mass transfer
) \Z white dwarf
[ Janion star — —>
*, LA

1) binary system 2) compression

3) central ignition 4) complete disruption

binary systems with accretion onto one compact object can lead (depending on

accretion rate) to explosive events with thermonuclear runaway (under
electron-degenerate conditions)

- white dwarfs  (novae, )
- neutron stars (type I X-ray bursts, superbursts?)



[X/Fe]-[Fe/H] relations

SN+HN+AGB (CK, Karakas, Umeda 2011), SN+HN; old SN vyields only

IlllIIIIIIIIIIIllllllIIl::lIII’J.'IIIIIIIIIIIIIIIII IIIIIIIIIIIII I IIIIII ll'lll

IIIIIIIIII I ::I I I IIIIIIIII:

e
a
=
Fds

¥ 1yl

¥ i (o

4
e

- - .
L
" - "R e L
-_ . + T e . Lat el '-:! -.'... = -.‘.:- ..
0 * : . e e : PO .. .=
Ces L . . b 4 e ¥R
.t . -
- . - . -
=-0.5 O — J . =3
- - ‘ . .I :
-1 . e E
| } " H

-4 -3 -2-10 -4 -3 -2 -1 0—4 -3 -2 -1 0 4 -3-2-10 -4 -3 -2 -l 0
— - h— = — [Fe/H] — *ima

from C. Kobayashi 2015 but where does the r-process take place??



1.5

| |
[AV] —
o (o)}

|
.N
o

relative log € (star) — log e (S.S. r—process)

Observational Constraints on r-Process Sites

| CS 22892-052
(]

?

abundances in “low
~~ metallicity stars”

.
* .. \‘\
. g -
. ® LS
] - LI

St Ba

i
;

&

‘

;
%

%, g‘ﬁ%% I % .

;

N-star mergers, |
accreation disks]
But which of the
Fe/H]<-3??? |
: signature o

jets, black hole

N

se for

[ regular
5e SNe?

Eﬁ {ore collalpf

—4 -3 -2 -1 1
[Fe/H]
w—15
L L n
o STAR (Sr/Fe] [Eu/Fel] 3
O HE 1523-0901 +0.8 +1.8 ]| o
O €S31082-001 +0.6 +1.7 ] a
A CS22892-052 +0.6 +1.6 | |
O HE 1219-0312  +0.4 +1.5 [ -2.0
I~ O UMi-COs 82 +0.4 +1.2 7] :
A €S31078-018 +0.3 +1.2 n
O CS30306-132 +0.1 +1.0 ]| 2),
O HE2327-5642 -0.2 +1.0 | w
A BD+17 3248 +0.3 +0.9 ]| w_2 5
B O HD 221170 +0.1 +0.8 | 2 :
O HD 115444 +0.3 +0.7
A HD 175305 +0.1 +0.4 | |
O BD+29 2356 +0.0 +0.4 —~
O BD+102495 -0.1 +0.1 ‘5
B A CS22891-209 +0.1 -0.1 | -o(;; -3.0
O HD 128279 -0.5 -0.2 ~
O HD 13979 -0.2 -0.2 w
A CS29518-051 +0.2 <-0.1] =1}
O CS22873-166 +0.1 -0.3 ] 2
B O HD 88609 -0.1 -0.3 7| o
typical uncertainty R A CS29491-053 -0.2 -0.4 | ':: -3.5
O HD 122563 -0.3 -0.5 )
el ey, |©CS5Re497087 ) +03 <40 =
(V]
40 50 60 70 80 90 100 110 120 ~

Atomic Number

Roederer and Cowan (2013)

40

60

80

Atomic number

S B e e L B e s e o e e e e L e o
L | normalized to Sr |
A STAR [Sr/Fe) [Eu/Fe]
O HE 1523-0901 +0.8 +1.8
O CS31082-001 +0.6 +1.7 |
~ A CS22892-052 +0.6 +1.6 |
O HE 1219-0312 +0.4 +1.5 7
O CS31078-018 +0.3 +1.2
A BD+17 3248 +0.3 +0.9
O HD 221170 +0.1 +0.8
B O HD 115444 +0.3 +0.7 |
A HD 175305 +0.1 +0.4
O BD+102495 -0.1 +0.1 ]|
O CS22891-209 +0.1 -0.1 |
A HD 13979 -02 -0.2 |
™ O CS22873-166 +0.1 -0.3 |
O HD 88609 -0.1 -03 7
A HD 122563 -0.3 -05 ]
X O CS22949-037 +0.3 <+0.0]
{ typical uncertainty
v b b b ey by e b e b b by ey L
40 50 60 70 80 90 100 110 120

Atomic Number



=Process Path

A,

]

e s
S @ Known mass
/¢ / O Known half=life

§*‘ S O r—process waiting point (ETFSI=Q))
@ "-;;i ..-.I-m"' h - T - :-Prf;ﬁ-:' BOLITTITIT

il L
e i s
-{‘_ i ., e _:"' B 1T
o . - -
.{.. 4 o 7 i b 1
"
o e rd - e 2

\:Lbr’;’ﬂ __;"-. ,:_;"f "'-._‘_ @ OIIIII1d [ HHH
%Q;-‘{. :-__.-.-.- ..;_.-' ,___x- a-.”-:I::::::IIII r: ifigs
S/ 'x_. .. P ) = HHHHHEHE = = N=184
=, <°:4c ;_'"J; f;; t,, f':” ;.-:” I HHHE gii:‘:' E:E;:EE:‘
\? = xé"ﬁ-;.-':- .-"Y oM :I me
S 1%, S it
NI i cex i e the classical r-process moves
A LN N=126 along contour-lines of constant S_
AN R
P HEE r—process path.due to (n,y)-(y,n) equilibrium
! gl LT N=gpi.e. a chemical equilibrium. It depends on the temperature,

T providing photons with sufficient energy (=>hot r-process).
In matter with fast expansion and still high neutron densities
at low temperatures this might not be established

B. Pfeitfer (=>smeared-out distribution, cold r-process)



n/seed ratios as function of entropy S and proton/nucleon ratio Y

Two options for a successful r-process
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High-Entropy Wind, Y.=0.45,v.,,=7500 km/s,120<5<280
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Kratz et al. (2014): Update from nuclear mass model FRDM (1995=>2012).
Assuming superpositions of entropy S, initial Ye, and expansion velocity
(related to an expansion time scale) of the hot matter, existing in CCSNe?



What determines the neutron/proton or proton/nucleon=Ye ratio?

Y, dominantly determined by ¢* and 1, 7. captures on
heutrons and protons

Vetneopte

Jetponte

s high density / low temperature — high Er for electrons
— e-captures dominate — n-rich composition

» if el.-degeneracy lifted for high T — v.-capture
dominates — due to n-p mass difference, p-rich
composition 7

If neutrino flux sufficient to have an effect (scales with 1/r?), and total
luminosities are comparable for neutrinos and anti-neutrinos, only
conditions withE_ -E V>4(mn—mp) lead to Y <0.5!

Otherwise the interaction with neutrinos leads to proton-rich conditions
General strategy for a successful r-process:

1. either highly neutron-rich initial conditions + fast expansion (avoiding neutrino interactions!)
2. have neutrino properties to ensure (at least slightly) neutron-rich conditions (+ high entropies)
3. invoke (sterile?/collective) neutrino oscillations




Possible Variations in Explosions and
Ejecta
(status before including medium effects)

model—2520

0.6

Innermost ejecta as a function of
I\I/I1 M 't 253 initial radial mass and also time of
ejection, innermost zones ejected
Izutani et al. (2009) latest in the wind!
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Inclusion of medium Effects, potential U in dense medium
Martinez-Pinedo et al. 2012, Roberts et al., Roberts &
Reddy 2012, changes neutrino and anti-neutrino energies

p?
E;(p;) = — m; +U;, 1=n,p
;(P ) Qﬂ},g‘ + + Ui 1
EL"E; — E{_. — ('Tnﬂ - :'rnp) - ({JF-” - {J:rp)

E‘f’;: = EEI + ('FTI-,L —_ ‘m_p) | [U-n, _ U:ﬂ')

Can reduce slightly proton-rich
conditions (Ye=0.55) down to
Ye=0.4! (further applications

to supernova models result only in
weak r-process?)
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FIG. 1. (Color online) Opacity and emissivity for neutrino

(left panels) and antineutrino (right panels), evaluated at con-
ditions p = 2.1 x 10" g em™, T = 7.4 MeV and Y, = 0.035.
If including collective neutrinos oscillations,
chance to also produce a weak component,

but extending up to Eu? (Wu, Fischer, Huther,
Martinez-Pinedo, Qian 2014, but no strong r-
process in regular core-collapse supernovae!)
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Neutron stars observed w

The grey regions are arcas where radio pulsars are

not predicted to exist by theoretical models. The inset at the bottom-left indicates the expected

direction of movement for pulsars with a braking index of n = 1, 2 and 3, respectively.

s below 10 kvr.

th age

soft-gamma repeaters (SGRs) and anomalous X-ray pulsars (AXPs). Lines
wi

of constant characteristic age 7. and magnetic field B are also shown. The single hashed region
shows ‘Vela-like’ pulsars with ages in the range 10—-100 kyr, while the double-hashed region shows

and magnetars, i.c.
‘Crab-like’ pulsars



3D Collapse of Fast Rotator with Strong Magn. Fields:
15 M_ progenitor (Heger Woosley 2002), shellular rotation with period of 2s at

1000km, magnetic field in z-direction of 5 x10'* Gauss,
results in 10> Gauss neutron star
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3D simultitions by C. Winteler, R. Kdppeli, M. Liebendorfer et al. 2012,
Eichler et al. 2015, magnetars observed by Greiner et al. 2015



abundance

Nucleosynthesis results, utilizing Winteler et al. (2012)
model with variations in nuclear
Mass Model and Fission Yield Distribution

(Eichler et al. 2015)

10

— HFB-14 & ABLAO7|]

FRDM — Panov et al. 2008
- - ABLAO7

. deep troughs are gone! W Different nuclear mass models
0" FRDM 2012 might solve this 7| FRDM and HEFB as well as

i fission barriers
s[__problem competely ' '

10 150 140 160 T30 500 120 140 162 180 200

Fission-cycling environments permit n-capture due to fission neutrons in
the late freeze-out phase and shifts peaks, but effect generally not strong
and overall good fit in such “weak“ fission-cycling environments!

Ejected matter with A>62 M, o; =~ 6 X 10~ M



What is the site of the r-process(es)? All options?

* Neutrino-driven Winds (in supernovae?) ? Arcones, Burrows, Janka, Farougqi,
Hoffman, Kajino, Kratz, Martinez-Pinedo, Mathews, Meyer, Qian, Takahara,
Takahashi, FKT, Thompson, Wanajo, Woosley ... (no!?)

* Electron Capture Supernovae ? Wanajo and Janka (weak!)

*SNe due to quark-hadron phase transition Fischer, Nishimura, FKT (if? weak!)

* Neutron Star Mergers? Freiburghaus, Goriely, Janka, Bauswein, Panov,
Arcones, Martinez-Pinedo, Rosswog, FKT, Argast, Korobkin, Wanajo, Just,
Martin, Perego

Black Hole Accretion Disks (massive stars as well as neutron star and neutron
star BH mergers, neutrino properties) MacLaughlin, Surman, Wanajo, Janka,
Ruffert, Perego, Just

* Explosive He-burning in outer shells (???) Cameron, Cowan, Truran,
Hillebrandt, FKT, Wheeler, Nadyozhin, Panov

* CC Neutrino Interactions in the Outer Zones of Supernovae Haxton, Qian
(abundance pattern ?)

* Polar Jets from Rotating Core Collapse? Cameron, Fujimoto, Kdppeli,
Liebendorfer, Nishimura, Nishimura, Takiwaki, FKT, Winteler, Mosta, Ott




Which events contribute to the
strong r-Process??

entropy
12

10
75

2.5

Ao )

Time: 0.031446

Neutron star mergers in binary stellar systems vs. supernovae

of massive stars with fast rotation and high magnetic fields



Based on early ideas by Lattimer and Schramm, first detailed calculations by
Frelburghaus et al 1999 Fujimoto/Nishimura 2006-08,Panov et al. 2007, 2009,
I average o nst st - | Bauswein et al. 2012, Goriely et al. 2012...
= g \ 1 Neutron star merger updates of
dynamic ejecta in non-relativistic
calculations (Korobkin et al. 2012)
Variation in neutron star masses

Proc [gfom?) © i fission yield prescription
L goxwl® eoxw® 1axw® . . G Fission yields affect abundances
120 130 140 150 160 170 180 190 200 210
Mass number A below A: 165, the th]_rd peak Seems

always shifted to heavier nuclei

1007 | ns1.2-ns1.2
F ns1.2-ns1.0
ns1.4-ns1.0
8 - ns1.4-bhs
10 F ns1.4-bh10
120 130 140 150 160 170 180 190 200 210

Mass number A

Kodama-Takahashi -------

Ejected mass of the order 10° Msol 105 [ . . . .

120 140 160 180 200
Mass number A

conditions very neutron-rich (Ye=0.04)



Exploring variations in beta-decay rates
Shorter half-lives of heavies release neutrons (from fission/fragments) earlier (still in n,y-y,n equilibrium),

1o | | | . . gvoiding the late shift???
S i _ original i

10° 3 - - Marketin et al. (2015) |

103 | E

107 | Marketin et al.”2015-

108 L ' : :

120 1440 10 180 200

o
Similar results seen in Caballero et al. (2014), due to DF3 half-lives (Borzov 2011)
(a) FRDM, Marketin (2015)

10t -
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= 107 | .
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-8 1 1 1 1 1
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N

Longer half-lives give the opposite effect
(c) FRIDM, Panowv (2015)



Dynamic Ejecta and Wind Contribution
(Martin et al. 2015)
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After ballistic/hydrodynamic ejection of matter, the hot, massive
combined neutron star (before collapsing to a black hole) evaporates
a neutrino wind (Rosswog et al. 2014, Perego et al. 2014)
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Martin et al. (2015) with neutrino wind contributions from matter in
More polar directions (of course, the problem with the dynamical ejecta
composition persists).



Mass fraction

80 100 120 140 160 180 200 220
A

General relativistic grid calculations,

possibly leading to hot shocks, and
e+e- pairs, which affect Ye and the
position of the r-process peaks
(Wanajo et al. 2014). Higher Ye
leads to similar results as in jets.
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Full predictions with dynamic ejecta,
viscous disk ejection, and late neutrino
wind, but neutron-less fission

fragment distribution? (Just et al. 2015),
based on smooth particle hydrodynamics
and conformal flat treatment of GR
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SN Il and la rates compared to
NS merging rate
(from Matteucci 2014)
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Stellar Abundances

Inhomogeneous ,,chemical evolution®
models do not assume immediate mixing
of ejecta with surrounding interstellar Centrbulien:irem multiple CCShle

In the later phase

medium, pollute only about about 5x10* Msol from Ko Nakamura

After many events an averaging of ejecta
composition is attained (Argast et al. 2004)
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Rare events lead initially to large scatter before an average is attained!

[ X/Fe ]

[ Fe/H |

Blue band: Mg/Fe observations (95%), red crosses: individual Eu/Fe obs.



Inhomogeneous Chemical Evolution with SPH (van de Voort et al. 2015),
Left ejecta mixed in 5x10° Msol, right high resolution mixed in 5x10° Msol
(se(? also Shen et al. 2015)
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Update by Wehmeyer et al. (2015), green/red different merging time scales,

blue higher merger rate (not a solution)



Combination of NS mergers and
magneto-rotational jets

Wehmeyer, Pignatari, Thielemann (2015)
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=> In either case, the strong r-process which also produces the



**Pu, half-life 81 My .
100:1 estimated vs measured
Status:

244py jn terrestrial crust:

Bl Puilux measured
*‘Pu flux upper limit 20) [
200000 | qummp **Pu flux ISM-model & satellite'data

= crust: dust collection - i
over 25 Myr P
. : ) previous work |
= 244py- time window - :z:::
alive a few 100 Myr T this work ]
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New limit of —"Pu on Earth points to rarity of heavy r-process nucleosynthesis

= neutron star mergers?
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““Pu ISM flux at Earth orbit (at/cm®/My)

L

sediment

A. Wallner, T. Faestermann, C. Feldstein, K. Knie, G. Korschinek, W. Kutschera,
A. Ofan, M. Paul, F. Quinto, G. Rugel & P. Steier 2015, Nature Communications

The continuous production of ***Pu in regular CCSNe (10“-10"° Msol each, in
order to reproduce solar system abundances) would result in green band



Summary

The r-process in astrophysical environments comes in at least two versions (weak-
main/strong)??

Does the neutrino wind in core collapse SNe lead initially to proton-rich conditions (and
vp-process) or also to a weak r-process (extending up to Eu)?

The main/strong r-process comes apparently in each event in solar proportions, but the
events are rare. The site is not clearly identified, yet. Options include rotating core collapse
events with jet ejection, neutron star mergers and accretion disks around black holes
(either from mergers or massive star collapse).

Findings by Knie et al. (2004), Feige (2015), Ludwig (2015) with *°Fe detection from latest
nearby supernova without corresponding “*Pu from a strong r-process (Wallner et al.
2015) give an additional indication that heavy r-process is not coming from reqular
supernovae but only from rare events!

Perform simulatutions with the best available microphysics and in order to identify the
signatures in chemical evolution for these different contributions!

(only low metallicity r-observations of U and Th seem to show variations in their
contributions — sign of different r-process strength in MHD-jets, opposite to robust
abundances in mergers?)

Hotokezaka, Piran, Paul 2015, Thielemann, F.-K.,
December Issue 2015, Nature Physics
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