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Nuclear Landscape

To convincingly locate the
site(s) of the r process, we
need to know reaction 126
rates, particularly S-decay
rates, in neutron-rich
nuclei.

To fully understand
supernova evolution, we
need to know
electron-capture rates for
lots of medium-mass
nuclei.




Calculating These Rates is Hard

Though, As Welll See, It Gets a Bit Easier in Neutron-Rich Nuclei

To calculate B decay between two states, you need:

» an accurate value for the decay energy AE (since contribution
to rate oc AE® for “allowed” decay).

» matrix elements of the decay operator o'7_ and “forbidden”
operators r7_, ro7_ between the two states.

The operator 7_ turns a neutron into a proton; the allowed decay operator does that

while flipping spin.

Most of the time the decay operator leaves you above
threshold, by the way.
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Though, As Welll See, It Gets a Bit Easier in Neutron-Rich Nuclei

To calculate B decay between two states, you need:

» an accurate value for the decay energy AE (since contribution
to rate oc AE® for “allowed” decay).

» matrix elements of the decay operator o'7_ and “forbidden”
operators r7_, ro7_ between the two states.

The operator 7_ turns a neutron into a proton; the allowed decay operator does that

while flipping spin.

Most of the time the decay operator leaves you above
threshold, by the way.

So nuclear structure model must do good job with
masses, spectra, and wave functions, in many isotopes.




What's Often Used for S-Decay in Simulations

Moller, Pfeiffer, Kratz (2003)
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Self-Consistent Version: Skyrme DFT

Started as zero-range effective potential, treated in mean-field
theory:

Vskyrme = to (1+x0Ps) 6(r1 —1r2)
1
+ iﬁ (1+x1P5) [(V1 - V2)25(I’1 -n)+ hC]
+ty (1+x2P5) (V1 =V2) - 8(r1 —r)(V1—V2)

1
+ gl (14 x3P5) &(r1 = r2)p*([r1 +r21/2)
+iWo (014 02) - (V1 =V2) x8(r1—r) (V1= V>)
1+01:07

where P, = =

Re-framed as density functional, which can then be extended:

&= / d3l’ (Weven + 7'{odd +7'{kin. + 7'(em)
I |

WSkyrme

Hoaq has no effect in mean-field description of time-reversal even
states (e.g. ground states), but large effect in 8 decay.



Time-Even and Time-Odd Parts of Functional
Not including pairing:

Heven = Z Z { tptt3 + CtA 2 pit, V2ot + CF ity Tits

t=0 tz3=-t

+ thptt3v Jiy + C{-I?I}}

1 t
As j
Z Z { stt3 + C Sty * V Stty + C Stty Ttt3 +C ltt3
t=0 t3=

vj . 2
+ Ctlstt3 -V Xltt3 + C{-Stt3 . Ftt3 + CtVS (V 'stt3) }
Time-even densities:
p = usual density 7 = kinetic density ] = spin-orbit current

Time-odd densities:
s = spincurrent T = kinetic spin current j = usual current



Starting Point: Mean-Field-Like Calculation (HFB)

Gives you ground state density, etc. This is where Skyrme
functionals have made their living.

Zr-102: normal density and pairing density
HFB, 2-D lattice, SLy4 + volume pairing
Ref: Artur Blazkiewicz, Vanderbilt, Ph.D. thesis (2005)

Neutron-Density Proton-Density

i
R 10

HFB: 3,)=0.43 exp: 8,P=0.42(5) , J.K. Hwang et al., Phys. Rev. C (2006)

2/26/10 Volker Oberacker, Vanderbilt




QRPA

Self-consistent QRPA is time-dependent HFB with small harmonic
perturbation. Perturbing operator is f-decay transition operator.
Decay matrix elements obtained from response of nucleus to
perturbation.

QRPA of Mdller et al. is simplified version of this.
No fully self-consistent mean-field calculation to start.
Nucleon-nucleon interaction is schematic.



Initial Skyrme Application: Spherical QRPA

Even Isotopes Only

126

Closed shell nuclei are spherical.



Initial Skyrme Application: Spherical QRPA

S e e T e e e A
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forbidden decay.
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with GT distributions.
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Initial Skyrme Application: Spherical QRPA

25

In nuclei near “waiting points,” with no
forbidden decay.

20 -

Chose functional corresponding to §
Skyrme interaction SkO’ because did best "
with GT distributions.

o) = R
0 2 4 6 8 10 12 14 16 18 20
excitation energy [MeV]

One free parameter: strength of
proton-neutron spin-1 pairing (it's zero in
schematic QRPA.) Adjusted in each of the
three peak regions to reproduce measured s
lifetimes.
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Later: Fast Skyrme QRPA in Deformed Nuclei

Finite-Amplitude Method — Nakatsukasa et al.

TPacd K = 0,1

271 red = with tensor .
2, blue = no tensor ~ )'\
g FAN

of /

Strength functions
computed directly from
linear response, in orders
of magnitude less time
than with matrix QRPA.

10 E) o 10
RPA energy [MeV] RPA energy [MeV]



Later: Fast Skyrme QRPA in Deformed Nuclei

Finite-Amplitude Method — Nakatsukasa et al.

TPacd K = 0,1

red = with tensor R
2, blue = no tensor ~ )'\
4 FAN

of /

Strength functions
computed directly from
linear response, in orders
of magnitude less time
than with matrix QRPA.

10 E) 10
RPA energy [MeV] RPA energy [MeV]

Beta-decay rates obtained Re [5(0)) I (S
by integrating strength i i
with phase-space
weighting function in
contour around excited
states below threshold.




Rare-Earth Region

Tom Shafer
Local fit of two parameters: strengths of spin-isospin force and
proton-neutron spin-1 pairing force, with several functionals.

€C _(S 2 As 2 T j 2
Wodd —C1 Syt C1 si-Visy+ C1 S11 - T11 + C1 Jn

+CYjsn -V X jy + Ch sy Fr+ C's (V- sn)? + Vo x pn pair.



Rare-Earth Region
Tom Shafer
Local fit of two parameters: strengths of spin-isospin force and
proton-neutron spin-1 pairing force, with several functionals.
Adjusting spin-isospin force
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Global Skyrme Fit for Even Nuclei

Mika Mustonen

Fit to 7 GT resonance energies, 2 spin-dipole resonance energies, 7
B-decay rates in selected spherical and well-deformed nuclei from
light to heavy.



Initial Step: Two Parameters Again

Accuracy of the computed Q values with SkO'

. Q values not given perfectly,
Ll . and g rate roughly o« @°.
C’: ! ;Jq St + .
s **it;r e -
0 EaN + A
+ T+ o+ "
2 . L 10* T T T T T
0 2 4 6 8 10 12 14 uncertainty
Qi 1] 103 F sko' o+
bias

Initially adjusted only
G}, which moves GT res-
onance, and isoscalar
pairing strength.

Uncertainty decreases
with increasing Q.

teomp./texp.

Qcomp.

+ + 4
+
P &
+
L L L
10 12 14



Fitting the Full Time-Odd Skyrme Functional

Charge-Changing Part, That is ...

ngcd —Cs 511 + CA S11 VZSH + C S11 T11 + C ]11

+C1’s"~V><]11+C1 si-Fr+G® (V-sn)? + Vo x pn pair.

» Initial two-parameter fit
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Fitting the Full Time-Odd Skyrme Functional

Charge-Changing Part, That is ...

ngcd —Cs 511 + CA S11 V2511 + C S11 T11 + C ]11
+C1’s"~V><]11 +Cl sy Fyy+ C° (V- si)* + Vo x pn pair.
» Initial two-parameter fit

» More comprehensive fit
» Additional adjustment



Tried Lots of Things...

GT resonances SD resonances half-lives
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Results

Four-parameter fit
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Not significantly better than restricted two-parameter fit.



Summary of Fitting Performance

log (tcomp./texp.)

10g (tcomp./texp.)

Not as good as we'd hoped.
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Is the reason the limited correlations in the QRPA? Simplified
current operators? Or will better UQ and more data help?



Comparison
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Mé = P. Méller, B. Pfeiffer, and K.-L. Kratz, PRC 67, 055802 (2003)

Ho = H. Homma, E. Bender, M. Hirsch, K. Muto, H. V. Klapdor- Kleingrothaus, and T. Oda, PRC 54, 2972 (1996)

Na = H. Nakata, T. Tachibana, and M. Yamada, NPA 625, 521 (1997)
Co = N.]. Costiris, E. Mavrommatis, K. A. Gernoth, and . W. Clark, PRC 80, 044332 (2009)
Ma = T. Marketin, L. Huther, and G. Martinez-Pinedo, PRC 93, 025805 (2016)
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Co = N.]. Costiris, E. Mavrommatis, K. A. Gernoth, and . W. Clark, PRC 80, 044332 (2009)

Ma = T. Marketin, L. Huther, and G. Martinez-Pinedo, PRC 93, 025805 (2016)



Odd and Odd-Odd Nuclei

These have | # O

Treat resulting degeneracy of substates as ensemble (Equal Filling
Approximation). Time-dependent version gives Equal-Filling FAM.
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Problems with Equal Filling
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We can often correct such cases by hand...



Accounting for Problems

Suspicious (red) and random (blue) nuclei

Corrections
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Results with All Nuclei

Evan Ney
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But For High-Q/Fast Decays ...

» These are the most important for the r process.



But For High-Q/Fast Decays ...

» These are the most important for the r process.
» And they are easier to predict:
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What's at Stake Here?

Significance of Factor-of-Two Uncertainty
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What's at Stake Here?

Significance of Factor-of-Two Uncertainty
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Electron Capture

Evan Ney
108 ———
— Experiment
10% .- Shell-model (jj44pna) .
4 === QRPA =
10% ... Approximation
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—~ 102t T=100GK "
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<
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10_3 ”‘;‘o
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log,,(pY, [g/cm?])

For terrestrial or astrophysical environments.
Developed a non-zero-temperature FAM.



Most Recently: Two-Body Current
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Most Recently: Two-Body Current

Evan Ney

Leading order:

ga

Usual B-decay current

Higher order:
€
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n/pg n n/pg n
C3,C4

There are also contact terms...

Consider very simple wave function

protons neutrons
protons neutrons




Quenching in the sd and pf Shells

3 T ~ 19Ney /o 19 Fy ) 3 T 428c, 342 Cag
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IMSRG calculation, Gysbers et al

Some quenching from correlations omitted by the shell model.

But a lot comes from the two-body current.



Quenching in the sd and pf Shells

|Mqr| Experiment

¢ this work
O shell model

— =1
—— ¢=0.96(6) 4
—g= 030(2)’

Lo

1 2
|Mcr| Theory (unquenched)

19Neyjs =1 Fy)p
37K3/fz -3 Ars/o
BAly Mgs/o
K3/ =7 Arg)
26Nag —26 Mg,
30Mg, —% Al
28Al; 28 Sip
21Neg —24 Na;
3p, 345
Py =% Sg9
24Nay —2* Mg,

3p, 3Gy

|Mgr| Experiment

¢ this work
O shell model

1 2
|Mcr| Theory (unquenched)

IMSRG calculation, Gysbers et al

28c; 12 Cag
/‘ZTiD *}4‘2 SC]
4V7 /5 =% Tizj
5Ty 45 Ser
438c7/5 =1 Caszjn
45\/7/; 45 Tis /o
47\/3/2 vy Tis /o
4787/ =17 Tig o
45Ty /5 =1 Scz /e

46Scy —46 Tiy

Some quenching from correlations omitted by the shell model.

But a lot comes from the two-body current.

In these A < 50 nuclei, S-decay quenching doesn't much depend
onZand N. But what about in heavier nuclei?



Z- and N-Dependence of Quenching

Integrated GT Strength

Three sets of chiral parameters, no contact
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EGM - E. Epelbaum, W. Gléckle, and U.-G. Meif3ner, Nucl. Phys. A 747, 362 (2005).
RTS - M. C. M. Rentmeester, R. G. E. Timmermans, and |. J. de Swart, Phys. Rev. C 67, 044001 (2003)
EM - D. R. Entem and R. Machleidt, Phys. Rev. C 68, 041001(R) (2003).
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Density-Matrix Expansion of Exchange Term

oM = 2 8ri{é[1 ~m2F [kf(ﬂ] ~ 526 ke (0] o)

T

~Dp() - 4 = (1;6 ke @] [ 372 7) - TC)]}

with C = § (264 —C3+ %) and D = d; - 2d,.

3 {2k m? k?
Flk] = 21(2[1—T;,m (—)+ el (1+4m_%)]

3 k? m? k?
Glk] === [1+8———= - In({1+4—
] 2k2[ * 42+m2 k2 n( m}[)]

and ke (F) = [372p(F)/2]"3 is the local Fermi momentum.

Non-contact direct terms are much less important.



Density-Matrix Expansion of Exchange Term
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Non-contact direct terms are much less important.




Effect on g-Decay Rates

Difference from rate with one-body operator, with g4 = 1.0

Rate Difference [%)]

Sn
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Conclusions:

100 108
Neutron Number N

116

98 118 128 138
Neutron Number N

108

» DME is a good approximation to exchange current.

148

» Use of two body current more important in neutron-rich
nuclei. Quenching of rates decreases and can even become
enhancement near the drip line. Why?

158



Enhancement of Low-Lying Strength

Can occur in neutron-rich isotopes
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Density-dependence of current
means it does very little beyond the
nuclear surface.
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Beyond QRPA

Second RPA with D. Gambacurta and M. Grasso

Second RPA: Add 4p-4h basic excitations to RPA 2g-2h excitations.
Should better describe spreading widths and low-lying strength.
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B Decay of 78Ni in Second RPA

Summed GT strength
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Ref. [35] = C. Robin and E. Litvinova, Phys. Rev. C 98, 051301(R) (2018)
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Ref.[59] = Y. F. Niu, Z. M. Niu, G. Colo, and E. Vigezzi, Phys. Rev. Lett. 114, 142501 (2015)



Simpler Version: “Time Blocking” Approximation

Equivalent to Quasiparticle-Phonon Model

RPA response function
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Simpler Version: “Time Blocking” Approximation

Equivalent to Quasiparticle-Phonon Model

RPA response function

Phonon-exchange potential

A
R

Time-blocking modification of response



Use for Beta Decay

Niu et al. in Skyrme DFT
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Deformed Time-Blocking QRPA

In progress: Qunqun Liu
A modified FAM is the best hope for a global calculation.
Hzo(w) + F20 + [W(@)X(@)],y
E,+E +w
SHE (w) + FRD + [W* (=w)Y ()],
E,+E +w

va(w) =

Y,uv (w) = -

where W is the phonon propagator, and, e.g.,

(W@X @l = D, Wavsev @Ky ()
J783%
Assemble W from gp-phonon vertices and qp energies on the fly.
The gp-phonon vertices come from like-particle FAM. Use
contour-integral technique of N. Hinohara and collaborators to
obtain them from residues of §Hy;.  Litvinova and Zhang, PRC 104, 044303 (2021)

Too hard to find all relevant poles in all isotopes. Ultimately need
FAM to generate QRPA matrix. Avogadro and Nakatsukasa, PRC 87 014331 (2013)



Finally...

All these developments will require refitting and UQ. There's still a
lot to do on the road to more realistic DFT-based S-decay rates!
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