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Cosmic fingerprints from heavy-element formation

solar r abundance (rescaled)

. Main component of the r process
¢ o w e metal-poor star observations

* Robust enrichment of heavy r-process

elements (Z > 52) and poor in iron (r-ll
stars, [Eu/Fe] > 1.0)

e Consistent with solar r-process
abundance

* Main astrophysical site still unclear

Relative log ¢

% magnetically-driven massive star
explosions

(models are still highly speculative)
| | | | ¥ neutron-star mergers

60 70 80 90 (start to contribute (too) late to
chemical evolution of the Galaxy)

TR IR R
40 50 _
Atomic Number

|
oo
w
Ot

(single heavy elements as r-process “tracers” e.g. Ba or Eu)

(Cowan & Sneden 2006)



Cosmic fingerprints from heavy-element formation

There’s another type of metal-poor star observations. . .

Weak component of the r process

0.5

R~

|

translated pattern of CS 22892-052 (Sneden et al. 2003)

lllllllll

-
-
—
-
—

50 60
Atomic Number (2)

* Poor in heavy neutron-capture
elements (Z > 47) but large

abundances of light neutron-
capture elements (38 < Z< 47,

S, Y, Zr,...)

* Production of light and heavy
neutron-capture elements
seem intrinsically decoupled:
2 different sites (?)

* Astrophysical scenario:

neutrino-driven winds from
massive-star explosions/
(proto)neutron stars (PNS)



Cosmic fingerprints from heavy-element formation

(Focus of research for the past 3 decades !

There’s another type of metal-poor star observations. . .

Weak component of the r process

(_).5 E LI I IIIIIIIII ] IIIIIIIII I IIIIIIIII I IIIIIIIII
0 E— St Zr translated pattern of CS 22892-052 (Sneden et al. 2003) —E
E RU/ \) 5
0.5F E
1.5E T =
T [
Ag
2.5F % =
3F  HD 122563 (Honda et al. 2006) fin T% 3

3.55. A Loy v o000y L v o000y Lo v v vt a 0y

40 50 60 70
Atomic Number (2)

* Poor in heavy neutron-capture
elements (Z > 47) but large

abundances of light neutron-
capture elements (38 < Z< 47,

S, Y, Zr,...)

* Production of light and heavy
neutron-capture elements
seem intrinsically decoupled:
2 different sites (?)

* Astrophysical scenario:

neutrino-driven winds from
massive-star explosions/
(proto)neutron stars (PNS)

* Which processes determine the
nucleosynthesis conditions ?

)~



Core-collapse supernova
phenomenology




A massive star at the end of its life... (2 9 My)

(1 Mg =298 x 1033 g)

~1 billion km ——— >

The core of a
massive star

Jupiter orbit —

hydrogen advanced nuclear
envelope e burning stages leave
(dilute) : : 7 onion-like structure:

Nonburning hydrogen

Hydrogen fusion
Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion
nuclear fusion stops Magnesium__
fusion
“Fe” — core (°Fe most stable element) Silicon fusion'

Subject of interest: stellar core (~ 800 — 1000 km) Iron ash




Explosion starts with stellar implosion

Electron fraction

(Ye = np/ng)

(Y. < 0.5 : neutron excess )
(Y. > 0.5 : neutron defficient )

is driven by weak
(Mcore > Mch) Core collapse is driven by wea
processes; e~ — captures
e~ + °°Mn — °°Fe + v,
e~ + "Fe — °%Co + v,

— 56 56NT:
xy-Plana, t = 230.2513 ms hefore baunce e Co ? N1 + Ve
0.50
. Ye oooooo

e+ (A, Z) — (A, Z—-1)+ v,

Neutrino losses

0.45

Timescale for collapse ~100 ms
0.40

Temperature & density rise;

10.35 Neutrino trapping (p ~ 10" g cm™")
ve + (A, Z) — v, + (A, Z)

70.30

Collapse proceeds adiabatically/
supersonically

-0.25

400  -200 0O 200 400 | |
(x-y) Plane [km]| Ye Collapse halts at saturation density;

Formation of shock wave



Supernova evolution — space-time diagram

Radius [km]

Entropy per baryon [kg]
2 4 6 8 10 12 14

-' _ Shock formation at core bounce
: (tbounce)

.= core collapse —» 5 —> po'st bounce evolution—»

tHe Rapid shock acceleration to radii of
about 100—200 km

boungce

10

Collapse proceeds continuously at
larger radii

Shock stalling due to energy
losses — confirmed, no prompt
explosions

Later evolution determined from
energy-balance due to:

(a) infalling material ahead of shock

(b) energy deposition behind shock

(proto)neutron star
-0.2 -0.1 0 0.1 0.2
t— tbounce [S]




Supernova explosions — concept

General concept: Energy liberation > v-Luminosity
from central (proto)neutron star to [3 —  Matter Flow
standing bounce shock l

Continuous energy deposition that Shock ZX

drives shock to increasingly larger radii \ - Heatmg T

(timescale: ~100 milliseconds) \ | 53 /

K3
% / o
’ Gam Radlus
Q c; Q| |
Proto Neutron <_| “— <«
Star

@ N

' @ v¥\fSpheres

KQ
U

— —> 1—»

(S. W. Bruenn)



Supernova explosions — v heating

General concept: Energy liberation > v-Luminosity
from central (proto)neutron star to 13 ——»  Matter Flow
standing bounce shock l
Continuous energy deposition that Shock e S 5&
drives shock to increasingly larger radii \ ~ Heating - i
(timescale: ~100 milliseconds) \ V.+n—p+e b /
_/ V. + p —n+et 6&
” ¥

E, =3 -6 x 103 erg (available)

, _\_’L + N & p + e o Gam_ Radius
S :

Eexpt ~ 1050 — 1051 erg iy e \ -
(kinetic energy of ejecta) | g B C°°g’"‘x_‘ >
* Neutrino cooling at high density s '_,  Proto-Neutron ‘—l 2 ':<

* Neutrino transport to larger radii
* Neutrino heating at lower density

. '. Star
a R@Q 8oy

-« & v¥\rSpheres

Alternative scenarios: 1o - \\/ \Q T Q] @

Bethe & Wilson (1985) ApJ 295, 14

/ k A - o \
high-density phase transition \Q B
(Sagert & TF et al.,(2009) PRL 102, 081101)
(S. W. Bruenn)
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Nucleosynthesis: explosive Silicon burnin

Ejection of stellar mantle;
outer layers of progenitor star
160, 12C, 4He,...

28Gi, 40Ca, 44Ti, Fe-group nuclei (?)
depends on details of explosion
and progenitor composition

(in particular on peak temperature
at shock front, timescale of shock
expansion, Ye, and progenitor
composition)

(see talk by Andre Sieverding)

Mass Fraction

Mass Fraction

0.9r
0.81
0.7r
0.6
0.5¢
0.4r
0.3r
0.2r
0.1r

1

0.9r
0.8
0.7r
0.6
0.51
0.4r
0.3r
0.2r
0.1r

(core bounce)

12C

o
\S)
Electron Fraction, Y

(150 ms later)

uoljisod yooys

0 —

160

He

O L "':.l.
0O 02 04

06 08 1 1.2
Enclosed Mass [solar mass]

1.4 1.6

0.5

o
~

e

o
W

1
o
—

Y

o
W
Electron Fraction,

o
)V



Schematic picture of “late”— time mass ejection

Once the stellar mantle is ejected . . . the supernova story continues.

T ~0.25 MeV
(> 10* km)

< 10

T low-mass outflow:
“v-driven wind”
(mass ejection from

106 PNS surface)

T Y. set T

Ve + N —> p+e€
564—]9—>n—|—e+

Y. ~0.05—-0.2

(~ 15 km) PNS
1014 deleptonization

T =5—30 MeV (E, ~ 10 erg)




Schematic picture of “late”— time mass ejection

Nucleosynthes is
determined at
neutrino decoupling

proton rich (Ye > 0.5) neutron rich (Y: < 0.5) formation of (f;)
VD Process neutron-capture process heavy nuclei

Deleptonization timescale:

T ~0.25 MeV t=10-30s

)

(> 10* km)

N\

seed
nuclei

< 10

n,*He —> seeds (A ~ 90) >

T dnd 0.5 Mev y,
low-mass outflow:
(a-rich freeze out) (mass ejection from
109 (~ 100 km) = ey PNS surface)
T Y. set T
1010 V€+n—>p_|_€_

564—10—>n—|—e+
Y. ~0.05—-0.2

T (~ 15 km) PNS
1014 deleptonization

T =5—30 MeV (E, ~ 10 erg)




Neutrinos from massive
star explosions




Neutrinos from SN1987A

100

Feb. 23rd, 1987, 7:35 a.m.

90 }
80 |
70 }
60 ¢
50 ¢
40 ¢
30¢

No. events

10

——

-

ST RLY 72 5 RN, e bR

(Only Ee) ‘

—

7'33 35

37

39

41

s
time GMT

45

47 49

(Observed signal at Kamiokande)

Neutrino events — 103 tons water Cherenkov detectors

Total no. of events observed: 11 (12)

Duration of neutrino signal: 13 seconds

(large Magellanic Cloud)

noise line/background



Neutrinos from SN1987A

Insights from SN1987A:

50—I|III|III|III|III|III|III|III|I—
S 40 Kamiokande —
= 30 (only 7,) =
B - +1 min -
g 20 E-¢ # ‘ =
Iz 10;—*#. ¢ ¢ =
O:"""""""""'"":
5O:|||||||||||||||||||||||:
> 40 IMB —
§ — (Irvine-Michigan-Brookhaven) =
— 30 — N\ —
>\ — + (Onlyye):
o 20 + =
g = +50 ms 3
= 10:— =
O:"""""""""'"":
50:|||||||||||||||||||||||:
=40 Baksan —
) = — =
2 3E (only 7.) =
s e ' -
o 10:— =
O:1||||111||1||111|111||11|111|1:
0 2 4 6 8 10 12 14

G. Raffelt Time after first event [s]

* Progenitor star 18 Mg
* Confirmation of the basic model

* Available energy ~3 x 10°3 erg
(# 10°® neutrinos)

e >99% emitted in neutrinos over
timescale ~10-30 seconds

e Explosion energetics from
lightcurve; 10°°—10°" erg

(kinetic energy of ejecta)

Core-collapse supernova rates:

1SN s—1 universe
1SN year-1 106 pc
1SN 100 years—1 Milky Way-
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10— = Yy
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>
- stellar collapse

0.01

Ve
Ve
w/T

(E, ) [MeV]
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-150

-100
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Simulations — Neutrino signal 1

e

nuclear electron captures

e~ (A7) — (A Z — 1)+,

nuclear de-excitations
(A, 2V — (A, 2y + v+

Fuller & Meyer (1991), Apd 376, 701
TF et al.,(2013) PRC 88, 065804

Supernova shock
propagation across the
sphere of last inelastic

scattering (v-sphere)

ve—deleptonization burst is
generic feature
charged current reactions

e +p = n—l—

et 4+n S p+i



Simulations — Neutrino signal 11

50
10¢ charged current reactions
T: e +p S n4re
= et 4+n S p+i,
o
o |
= pair processes
~0.1 B e +et S v+
o] . N+N S N+N+v+7
001 Stellar collapse ) _mass accretion | Vet Te S Vpir + s
e A g |13 -
17} - A S ~117 elastic scattering
16+ |l ) 12 v+ N S VvV 4+ N

inelastic scattering
v+et 5 U 4et

(E,)[MeV]
53R
t t t \u/e t t t
\
\
\
\
\
X
Q)
53R

9
3: = _3 Neutrino-energy hierarchy
6= . . | 1 . . 16 reflects strength of coupling
-150 -100 -50 0 50 100 150 to matter

t- tbounce 'mS]



Neutrino signal in multi-dim’l simulations

7 E
. ; ] Presence of millisecond variations
- : = (Ve, Ve, Vyyr) 38 of the neutrino signal
= g I~
o0 DE- —= .
5 12 Induced from convection and
a *E 25  associated shock oscillations
-) = =
— 3 E- g e : : :
— E 8, Persist even in detection on Earth
y 2E g o
~ i EN- May allow distinction of strong bi-
= polar explosions
0] -
. S e -
=18 =
D - -
E 16 O | SR N
® —

0 01 02 03 04 05 06 07
t_tbounce [S]



WeakK rates




Neutrino reaction rates: charged-current absorption

Bruenn (1985), ApJS 58, 771

Reddy et al.,(1998), PRD 58, 013009
Vetn—pte \/ \/
Ve + P — N + et
GL V2,

AE,) = sl (g} + 363) / 5 f) (1 - F.(EL) S(a0,0)

*

do = EV — Ee ’ q = ‘pl/ o pe‘ — mp /pndpnfn(En)<1 T fp(Ep))
Tq

(neutrino response to
the nuclear medium)




Neutrino reaction rates: charged-current absorption

Bruenn (1985), ApJS 58, 771

Reddy et al.,(1998), PRD 58, 013009
Ve +Nn— p+e \/
_|_

UAE,) = TE (gt + 363 / 5 732(1 ~ Fu(E) S(a0.)

Ve t D —>n+e

do = EV — Ee ’ q = ‘pl/ o pe‘ — mp /pndpnfn(En)<1 T fp(Ep))
Tq

(neutrino response to
the nuclear medium)

GpVia 2 2 fn — Ny
1/ (Ey) =~ w(he) (9v +3924) pe Ee(1 — Fe(Ee)) 1 — BuS—ud)
2
En = PN (assuming non-relativistic nucleons)
2miy

Description of weak processes must be consistent with nuclear equation of state



Weak rates consistent with the equation of state

Similar situation as in heavy neutron rich nucleus

p2

E, =
Ve (El/e) Zm;';
>

+m; +U,




Weak rates consistent with the equation of state

Similar situation as in heavy neutron rich nucleus

U, (E,,e) En:%; +m;, + U,
> N

7

M,
E, = % +m, + U,
Ee- = By, + (Mg —myp) + (Un — Up)
Hg = pp —Up —my ’
U,, — U, : medium modification of the vacuum Q — value (in elastic approximation)

Note: U, (p,T,Y.) —U,(p,T,Y.) o< 4(1 — 2Ye) S5(p,T)

(nuclear symmetry energy)



Role of the supernova equation of state

Nuclear

EOS determines

(Neutron matter energy per particle)

energetics/coupling to matter for (v., 7. ) .
. . ™
and their spectral differences .
,<
\
i
Supernova relevant densities
/Y p (10 g em ™
0 1 2 3 4 5
45 ———— T
Chiral EFT N°LO / / / /f
40 |---- DD2 A
- NL3 /[' / /,' / A ﬁ-
35 - - TM1 / Sy Ao —
| — TMA Lo/ / 2 Yo "
| — SFHo VAV « 0
| — - SFHx YT b~ ;
—_ R
S 25 17 Grsy // /7y - o /i =~
15180 S S T s
20 - Ls220 S g T 15
[ ——- QB139050.7 /ﬂ P i N
ST JEZ T T 1=
10 T i 1S
- —/f/—)://'/// ()]
5 | //ﬁ:.é,"'//; — Ll_
P =
O z | | | | |
00 005 01 015 02 025 0.3
np [fm_ ]

Typel ot al (2014). PRC89, 064321

10’ ' ' — >
g Ve TN —>p+E€
10°
10° |
10° |
10° |
10? p=2x10" gem™ |
Ry T=5MeV, Y, =02
107 ' : : —|—I :
Ve TP —nNTE€
10" |
10* | - -
10° | 1
Or 4l ' DD2" : U,-U,=9.4MeV]
0y 4| 1 DD2 : U, -U,=53MeV
' |+ DD2' : U, - U, =3.7MeV:
0 1 IO l 2I0 3IO 4IO 5I0 60
E, [MeV]
E- = Ey, + (mn —myp) + (Un — Up)

Eer = Ep, — (my —myp) — (Un — Up)



Long-term (10-30 s) neutrino signal

e Evolution of neutrino signal depends on
nuclear EOS

e Similar neutrino fluxes for all flavors
* Initial neutrino energy hierarchy broken

Large nuclear symmetry
energy / large spectral
differences

Reference EQOS

Low nuclear symmetry
energy / small spectral
differences

(E,)[MeV]

(E,)[MeV]

13—

12}
117}
107

117}
107

_ -
NN WO o0 N 00 ©

o o N o

—— HS(DD2)
- - - HS(DD2")

Ve |

03 05 1 2 3 5
t_tbounce [S]

10 20



Long-term (10-30 s) neutrino signal

 Similar neutrino fluxes for all flavors
* Initial neutrino energy hierarchy broken

t ——+
1<
R

“oan
\— —-— 7y
\ /’//
12_ L] \ - ~\ //’69
R i PP TS i,
J— -y /
— ¢‘~, /e
V IS~ ////
11 7€ U, /=<8
/TN
NS ///
= R
’ -
aS Y
L NS
é) 10 LT f,/‘
— \\\14"
‘N
s 9 /\\\//_(,
> N
L >
~—

EOS:HS(DD2)
0.5 1 2 3 4 5 7 10 15 20
[s]

bounce

Martinez-Pinedo & TF et al.,(2014) JPhG41, 04408



Long-term (10-30 s) neutrino signal

* Evolution of neutrino signal dependson * Important consequences for
nuclear EOS nucleosynthesis of heavy elements, i.e.

« Similar neutrino fluxes for all flavors nucleosynthesis relevant conditions:

, _
 Initial neutrino energy hierarchy broken Y, o <1 L Lo gp. =20 +12¢ /5ue)

—

Ly, ey, —2Q+12Q%/e,, ) 3

13f ) (e5.) — (£5.) ~ 4.6 MeV <
RN ( >5MeV (Y, <0.5) 3

12 . == e l i ] <
SRR SR neutron rich .
nve R RCARCWE 2
p/T ISV v e 3

= <5MeV (Y. >0.5) 2
= | S _ roton rich —
= \V"i‘./"/ Y 2 MeV \ P 5 ©
-0 ({ev) =(ED)/(Ev) ) ©
—_ 8_ 'b/ /// -C_U
e

» Large spectral differences favor

g neutron rich conditions
6_
EOS: HS(DD2) Ve +p—n+et (neutron rich)
5 L | | | | | | | |
0.5 1 2 3 45 7 10 1520 Ve +n —> p+e~  (proton rich)
B tbounce [s]

How can we understand this

neutrino signal?
Martinez-Pinedo & TF et al.,(2014) JPhG41, 04408



Opacity during deleptonization

103 |

vV

p/T

Neutrino energy integration:

1 1 1
— x — | E*dE—(E)If,(E
X | BB (B)(E)

|

Neutrino reaction rate

| 1 second after
{ explosion onset

TF et al.,(2012)
PRD 85, 083003



Opacity during deleptonization

103 | 1%

u/T@

— 1
(Note: no charged-current Ta 10
- ' =100
processes for p-neutrinos) i=) © <ocond after
< 107! explosion onset
L

Neutrinospheres: last energy exchange last elastic scattering

Raffelt (2001), ApJ 561, 890

Largest opacity: scattering on nucleons (elastic process)

Largest energy exchange: scattering on e*

TF et al.,(2012)
PRD 85, 083003



Opacity during deleptonization

vV

107 | Ve /7

/X, [km™}]

12 11 14 13 12 11

log/lp [gc _3]) log (p [g Cm_g])
last energy exchange last elastic scattering

Largest opacity: scattering on nucleons (elastic process)

Largest energy exchange: scattering on e* ~ absorption on protons

1 second after
explosion onset

Raffelt (2001), ApJ 561, 890

TF et al.,(2012)
PRD 85, 083003



Opacity during deleptonization

e7 Ve" . V

B/

1 second after
explosion onset

1/X\, [km™']

11 14 13 12 11 14 13 12 11

- b log (p [g cm™?]) log (p [g cm™?))

last energy exchange ~ last elastic scattering

Raffelt (2001), ApJ 561, 890

Largest opacity: absorption on neutrons (inelastic process)

TF et al.,(2012)
PRD 85, 083003



1/X\, [km™']

1/X\, [km™]

Opacity during deleptonization

€ Vey ' Y/

1 second after
explosion onset

10 second after
explosion onset

TF et al.,(2012)
PRD 85, 083003



Elemental abundances

e

Electron fraction, Y

10 .
; sim. data :
-4
10 ¢ —— HD 122563 [28] |
107 |
107° |
107’
10~ %\)
107
10_10 I I I I I
25 30 35 40 45 50 55
Charge number Z
90
0.54+ 80:63
1709
0.52r c
160
(4]
0
o
1402
0.48} =
1303
0.46 20

-
N
w
Ny
6)]
®

t—t [S]

bounce

Results: Integrated Nucleosynthesis

Largest spectral differences
found at early times (f ~1-2 s)

Nucleosynthesis relevant
conditions:

Ye=0.47-0.55
S =30 - 100 ks/Baryon

Most mass is ejected at early
times (t~1-2 s)

No vp process nucleosynthesis;
requires Ye> 0.5 & high v-fluxes

Production of light neutron
capture elements (38<Z<45)

Lack of heavy neutron capture
elements (A~195)

Consistent with metal-poor star
observations



Summary/Outlook




e Supernova simulations as laboratories for fundamental physics;
(strong gravity, strong & electroweak interactions, electromagnetism)

Probe the state of matter at it’'s extreme
(conditions inaccessible in current nuclear/heavy-ion facilities)

e “Universal” observables
(neutrinos, gravitational waves, nucleosynthesis of heavy element)

Robust site for production of light neutron-capture elements (38<Z<45, S, Y, Zr,...):
v—driven wind from (proto)neutron stars

(in agreement with observations) il ® HD1222563
10 x  standard weak rates ;
Lack of systematic understanding o v +10% ve-speotral differences;
(eos impact, inelastic contributions, o | I A —10% ve-spectral differencess
. . o 2
weak magnetism corrections,...) 210+ * .
o 1 f
é 10 ‘ : x
g 10° ¢ $ 8 X S.r Zr
% ; E 00 Ru
(@) 10_1 _% [ X
£ ZI *LMoe, Ba .
107 I %o . °
: o Yb
107 , 1 | | ,
20 30 40 50 60 70 80

Atomic Number, Z



e Supernova simulations as laboratories for fundamental physics;
(strong gravity, strong & electroweak interactions, electromagnetism)

Probe the state of matter at it’'s extreme
(conditions inaccessible in current nuclear/heavy-ion facilities)

e “Universal” observables
(neutrinos, gravitational waves, nucleosynthesis of heavy element)

Robust site for production of light neutron-capture elements (38<Z<45, S, Y, Zr,...):

v—driven wind from (proto)neutron stars
(in agreement with observations)

Lack of systematic understanding

(IH v) (H )

e What's possibly missing?

Neutrino oscillations/

sterile neutrinos
(see talk by Meng-Ru Wu)

Lunardini & Tambora (2012) JCAP 7, 12



Supernova simulations as laboratories for fundamental physics;
(strong gravity, strong & electroweak interactions, electromagnetism)

Probe the state of matter at the extreme
(conditions inaccessible in current nuclear/heavy-ion facilities)

“Universal” observables
(neutrinos, gravitational waves, nucleosynthesis of heavy element)

Robust site for production of light neutron-capture elements (38<Z<45, S, Y, Zr,...):
v—driven wind from (proto)neutron stars

(in agreement with observations)

Lack of systematic understanding

v.°HZ ppe~

= 217 — +
What’s possibly missing? e D o
Neutrino oscillations/ vepp = *He™
sterile neutrinos fegﬂ conbpe
(see talk by Meng-Ru Wu) ve H=mnner

v, > H & °Hee
Role of light nuclear clusters/ v, SHe = SHe™
weak reactions with light clusters v HZ=pnv
(charged current absorption/ v 2H = 2Hv
neutral current scattering) v SH = 3SHuy

v 3He = SHev




Supernova simulations as laboratories for fundamental physics;
(strong gravity, strong & electroweak interactions, electromagnetism)

Probe the state of matter at the extreme
(conditions inaccessible in current nuclear/heavy-ion facilities)

“Universal” observables
(neutrinos, gravitational waves, nucleosynthesis of heavy%

Robust site for production of light neutron-capture elerie at

(38<z<45, S, Y, Zr,...):

(in agreement with observations)

v—driven wind from (proto)neutron stars l(

Lack of systematic understandj
&39 V. ‘H = ppe™
v.’He nnet

What's possibly gss Vemn = 2H e
w v.pp = *“He™

% v.oH 2= nppe~

Neutrino oscj
steril neL' A\ o N
2/1%-Ru Wu) v.°’HZ=Znnne
v, 3H = 3Hee™
v,3He = 3He™t
v HZ pnv
2H — QHV
v3H = 3Hvuv
v 3He = SHev




