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Initial Hamiltonian

e NN: chiral interaction at N3LO (Entem & Machleidt)
e 3N: chiral interaction at N2LO (cp,ce fit to 3H energy & half-life)

SRG-Evolved Hamiltonians

® NN + 3N-induced: start with initial NN Hamiltonian, keep
two- and three-body terms

® NN + 3N-full: start with initial NN + 3N Hamiltonian, keep
two- and three-body terms
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Open-Shell Nuclei from the
Multi-Reference IM-SRG

H. H., S. Binder, A. Calci, J. Langhammer, and R. Roth, Phys. Rev. Lett 110, 242501 (2013)
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® generalized Wick’s theorem for arbitrary reference states
(Kutzelnigg & Mukherjee)

® define irreducible n-body density matrices of reference state:
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® generalized Wick’s theorem for arbitrary reference states
(Kutzelnigg & Mukherjee)

® define irreducible n-body density matrices of reference state:

ki ki k \/ k|
Pmn = Amn T AmAn — ApAn,

ik NIk
Imn )‘lmn

+ XNXE XX MK+ permutations
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Generalized Normal Ordering STAIL
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® generalized Wick’s theorem for arbitrary reference states
(Kutzelnigg & Mukherjee)

® define irreducible n-body density matrices of reference state:

ki ki k \/ k|
Pmn = Amn T AmAn — ApAn,

ik NIk
Imn )‘lmn

+ XNXE XX MK+ permutations

® irreducible densities give rise to additional contractions:

o pab... . akl... ab
°Acd... “Amn... y . >‘mn

o paab... . akl... ab
°Acd... "Amn... . . )‘cm
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Generalized Normal Ordering STAIL
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® generalized Wick’s theorem for arbitrary reference states
(Kutzelnigg & Mukherjee)

® define irreducible n-body density matrices of reference state:

ki ki k \/ k|
Pmn = Amn T AmAn — ApAn,

ik NIk
Imn )‘lmn

+ XNXE XX MK+ permutations

® irreducible densities give rise to additional contractions:

A A — A
: Aig'“ . Aﬂ}}' . _ two-body flow unchanged,
O(N®) scaling preserved
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® truncation in irreducible density matrices
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Op-Oh 1p-1h 2p-2h 3p-3h

(PIH|W) ~ fF Zf, A T Ao -

kimn
pp pp’ }:pk h'k Zkhh’kz kI \hh'kl
<hh’ I_hh’ ? rhm)‘P ‘'m> f/ )\P/O’“ rmn)‘PP ‘mns ¢ ¢
ki kimn
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® truncation in irreducible density matrices

® number of correlated vs. total pairs, triples, ... (caveat:
highly collective reference states)
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® truncation in irreducible density matrices

® number of correlated vs. total pairs, triples, ... (caveat:
highly collective reference states)

® perturbative analysis (e.g. for shell-model like states)
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® truncation in irreducible density matrices

® number of correlated vs. total pairs, triples, ... (caveat:
highly collective reference states)

® perturbative analysis (e.g. for shell-model like states)

® verify for chosen multi-reference state when possible
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® reference state: number-projected Hartree-Fock-Bogoliubov
vacuum (pairing correlations)

® consistent results from different many-body methods
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® reference state: number-projected Hartree-Fock-Bogoliubov
vacuum (pairing correlations)

® consistent results from different many-body methods
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® reference state: number-projected Hartree-Fock-Bogoliubov
vacuum (pairing correlations)

® consistent results from different many-body methods
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® reference state: number-projected Hartree-Fock-Bogoliubov
vacuum (pairing correlations)

® consistent results from different many-body methods
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® reference state: number-projected Hartree-Fock-Bogoliubov
vacuum (pairing correlations)

® consistent results from different many-body methods
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® reference state: number-projected Hartree-Fock-Bogoliubov
vacuum (pairing correlations)

® consistent results from different many-body methods
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® reference state: number-projected Hartree-Fock-Boyuiaeov
vacuum (pairing correlations)

® consistent results from different many-body methods
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variation of initial 3N
cutoff only

diagnostics for chiral
interactions

dripline at A=24 is
robust under variations
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® mproved free-space 3N SRG evolution for input Hamiltonian
(talks by A. Calci, S. Binder & arXiv:1312.5685 [nucl-th])
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improved free-space 3N SRG evolution for input Hamiltonian
(talks by A. Calci, S. Binder & arXiv:1312.5685 [nucl-th])

® calculations for pf-shell nuclei in progress, heavier nuclei in reach
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® multi-reference IM-SRG for open-shell nuclel

® new method for the derivation of shell-model interactions
(see talks by S. Bogner & J. Holt)
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® |IM-SRG is an efficient new Ab-initio method, suitable for
medium-mass & heavy nuclei

® multi-reference IM-SRG for open-shell nuclel

® new method for the derivation of shell-model interactions
(see talks by S. Bogner & J. Holt)

® new perspectives for old (?) problems: evolution of long-
range correlations, construction of density functionals...

= efficient extension to observables (see talk by S. Bogner)

= study of medium-mass & heavy isotopic chains with chiral
Hamiltonians

= ecXxcited states
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® define normal-ordered operators recursively through all
possible internal contractions:
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Normal-Ordering & Wick’s Theorem STAIE
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® define elementary contractions of a one-body operator w.r.t.
a given reference state as

A;(Ea;za/, )\;(E<W|A;(‘W>, K=\ §f

® define normal-ordered operators recursively through all
possible internal contractions:

Ky...K Ky...K K K k
Al =AY AT AT Y 4 singles
+ (A — X A,f) Ak3 k. 4 doubles +

® Wick’s Theorem: products of normal-ordered operators can
be expanded in terms of external contractions alone

k1 k/\/ . /1...//\/ . N—1 k-] kg k/\//~| / .
A .My - 'An1...nN - (_1) )‘n A ..MnNo...NN °
N—1 #I4 k1 kN/2 N .
+ (—1) me SAm I
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In-Medium SRG Flow Equations STATE
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0-body Flow
3_5 = Z(na —Np) (Ugff - 5775) + % Z (ncdr rggnacg) N.NphcNy
ab abcd
1-body Flow
d
dsf2 - Z (”;fg - a772) T Z (%raz - 577321) (Na — Np)

a

bc 1a bc — —
+ E ( bc7723) (NaNpNe + NaNpne)
abcdef
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In-Medium SRG Flow Equations STATE
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0-body Flow
dE arb a b 1 ab ab cd o
E — Z(na —nb) (%fa — b77a) + — A Z (ncdr rcdnab) NaNpNcNy
ab abcd
~ 2nd order MBPT for H(s)
1-body Flow
d
=2 (n;fz —f, 772) +3° (nbr‘;; - gng;) (Na — Np)
a ab
_|_1 Z ( |- r‘la bc) —  — —
5 Tlbe pe"2s ) (NalpNc + Nanpnc)
abcdef
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In-Medium SRG Flow Equations STATE

UNIVERSITY

2-body Flow
d
— T3 =) (AT + n2T85 — nTag — viTE2 — Fangs — Fonis + F5ml3 + Fimi3)
1
+ 5 Z (Uabr ﬂgﬁ?i) (1 —na —np)

1 1b 2
+ Z na —no) (38 — Tignas ) — (n3aris — r3gmit))
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In-Medium SRG Flow Equations STATE

UNIVERSITY

2-body Flow
c;jsr34 = Z ("a [ +n2ras — n3las — n3las — fands — fands + finiz + fan%ﬁ)
+5 Z ( 2b T34 257732) (1 —ng —np)
T Z(na — Np) ((WBbrig - :132774215> (773br rggﬁlﬁ))
ab

only linked diagrams contribute,
IM-SRG size-extensive

H. Hergert - The Ohio State University - “Nuclear Structure & Reacveorsnren .~ __cav es™, TRIUMF, 02/19/2014




Particle-Number Projected HFB State ?Ef{%

UNIVERSITY

® HFB ground state is a superposition of states with different
particle number:

1

27 R
V)= Y ealva). |ww)=Pulv)=5o [ doettM |y,
A=N.N=E2....
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Particle-Number Projected HFB State ?Ef%%

UNIVERSITY

® HFB ground state is a superposition of states with different
particle number:

1 27 .
V)= Y ealva). |ww)=Pulv)=5o [ doettM |y,

27
A=N N+2....

® calculate one- and two-body densities (project only once):

V| AfPy [ V| AY Py |V
v = L) = ) e,
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Particle-Number Projected HFB State ?Ef%%i

UNIVERSITY

® HFB ground state is a superposition of states with different
particle number:

1 27 L
V)= Y ealva). |ww)=Pulv)=5o [ doettM |y,

A=N,N+2....
® calculate one- and two-body densities (project only once):

V| AfPy | V| AY Py |V
v = L) = ) e,

® work in natural orbitals (= HFB canonical basis):

M= nydf (= V,%(S,k) , 0<n, <1

H. Hergert - The Ohio State University - “Nuclear Structure & Reactions: Experimental and Ab Initio Theoretical Perspectives”, TRIUMF, 02/19/2014



E [MeV]

Results SAID
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_582 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | _725 1 1 1 1
[ 4 EMax N3LO, A = 2.0 fm™ - i
i OCa .Ma8 ]

5841 10
- L

—730_
12 _

_586|-

_588| _ 735
N 15 B
i 12
-590 Ei
N -4 W =
15 _740
-592
—594[ 745
—596|
i ||||||||||||||||||||||_ _ [N T NN NN AN TN TN TN NN NN NN SN SO SO NN TN NN NN N NN SN S S
20 25 30 35 40 750 20 25 30 35 40
7 [MeV] Q) [MeV]

[gray lines: CCSD by S. Binder, epax = 12, A2 = 20 MeV ]
converged g.s. energies between CCSD and A-CCSD(T)
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Results STATE
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—582 —725

— T T T [ T T T T [ T T T T [ 7 T T T ] T T T 1] ——— T

i X — _ _
58434003 oeMaé N3LO,A=201m ;480a need 3N forces

i m10 b _

¢ 12

_586|-

_588| _ 735
N 15 B
i 12
-590 Ei
N -4 W =
1= 740
-592
—594[ 745
—596|
i ||||||||||||||||||||||_ _ [N T NN NN AN TN TN TN NN NN NN SN SO SO NN TN NN NN N NN SN S S
20 25 30 35 40 750 20 25 30 35 40
hQ) [MeV] Q) [MeV]

[gray lines: CCSD by S. Binder, epax = 12, A2 = 20 MeV ]
converged g.s. energies between CCSD and A-CCSD(T)
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Isotopic “Chains” OHIO
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N3LO, A = 2.0 fm~', NN only

I I T T T —-860—— T T T [ T T 1 L T T T -1200 ———
BELINT i
- N €Max [
-630 : ‘ 8 : -1220
-870 . 10 - I
I ] _1240}
¢ 12 -
S -640 s | S i
[0 O _ O -1260
2 2 880 2 i
L L L I
-1280
-650 -890 i
-1300
_660_||||||||||||||||||||||||| _goollll _1320""I""|""||||||llll|
20 25 30 35 40 20 25 30 35 40
70 [MeV] 10 [MeV] 70 [MeV]

® “closed-shell” Ni and Sn isotopes can give insight into
Isovector interaction...
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Isotopic “Chains”

-630-

E [MeV]

-650-

~640}

-660

7 [MeV]

E [MeV]

N3LO, A = 2.0 fm~', NN only

—-860

-870

-880

-890

-900-

hQ [MeV]

E [MeV]

~1200
—1220:—
—1240:—
—1260:—
—1280:—
—1300:—

~1320}

OHIO
SIAIE

UNIVERSITY

® “closed-shell” Ni and Sn isotopes can give insight into

Isovector interaction...

® ... but complete isotopic chains would be preferable, i.e.,

devise an approach to open-shell nuclel
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E [MeV]

Results: Closed-Shell Nuclei OHIO
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NN + 3N-ind.

|
-310

-320

-330

-340

-350

-360

-370

|
10

EMax

o
0¢]

CCSD/A-CCSD(T), A = oo, G. Hagen et al., PRL 109, 032502 (2012)
A-CCSD(T), A = 1.9 — 2.2 fm~", S.Binder et al., arXiv:1211.4748 [nucl-th] & PRL 109, 052501 (2012)

H. Hergert - The Ohio State University - “Nuclear Structure & Reactions: Experimental and Ab Initio Theoretical Perspectives”, TRIUMF, 02/19/2014



Results: Closed-Shell Nuclei OHIO
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E [MeV]

NN + 3N-ind.

T ]
Ca40 |
E3 Max:-|4 -
i 710=28 MeV
-350} ]
i — % E
_400|- i
_as0]- -
[ Afm ]
m 22
- e 2.0
-500F L, 1.9 7
| | | | |
6 8 10 12 14

EMax

CCSD/A-CCSD(T), A = oo, G. Hagen et al., PRL 109, 032502 (2012)
A-CCSD(T), A = 1.9 — 2.2 fm~", S.Binder et al., arXiv:1211.4748 [nucl-th] & PRL 109, 052501 (2012)
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E [MeV]

Results: Closed-Shell Nuclel

-350
-400
-450

-500

NN + 3N-ind.

NN + 3N-full (500)
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CCSD/A-CCSD(T), A = oo, G. Hagen et al., PRL 109, 032502 (2012)

[ ]
Ca40 | Ca40 |
Eznmax=14 | Ezmax=12
Q=28 MeV 1L hQ=28 MeV
—§— 3‘5__ ]
A[fm™]
e 2.0

A 1.9 7 — —o ° 7

| | | | 1 C | T ‘T |

6 8 10 12 14 8 10 12 14

EMax EMax

OHIO

SIATE

UNIVERSITY

A-CCSD(T), A = 1.9 — 2.2 fm~ ', S.Binder et al., arXiv:1211.4748 [nucl-th] & PRL 109, 052501 (2012)



E [MeV]

Results: Closed-Shell Nuclel

OHIO

SIATE

UNIVERSITY

-350
-400
-450

-500

NN + 3N-ind.

NN + 3N-full (500)

NN + 3N-full (400)

CCSD/A-CCSD(T), A = oo, G. Hagen et al., PRL 109, 032502 (2012)
A-CCSD(T), A = 1.9 — 2.2 fm~", S.Binder et al., arXiv:1211.4748 [nucl-th] & PRL 109, 052501 (2012)

T 1C T 1L 1]
Cad0 | Cad0 | Ca40 |
Eznmax=14 | Ezmax=12 |l Esmax=14
hQ=28 MeV L hQ=28 MeV L 710=28 MeV
— 35—— i \: —
:— —: :.; 4’-. ]
A[fm™]
e 20
A 19 . -~ e o - |
1 1 1 1 [ | 1 T ﬁl 1 1 1 1 1 1
6 8 10 12 14 8 10 12 14 6 8 10 12 14
EMax EMax EMax
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E [MeV]

Results: Closed-Shell Nuclel

NN + 3N-ind.

NN + 3N-full (500)

OHIO

SIATE

UNIVERSITY

NN + 3N-full (400)

-350
-400
-450

-500

validate chiral
Hamiltonians

CCSD/A-CCSD(T), A = oo, G. Hagen et al., PRL 109, 032502 (2012)
A-CCSD(T), A = 1.9 — 2.2 fm~", S.Binder et al., arXiv:1211.4748 [nucl-th] & PRL 109, 052501 (2012)

T 1C T 1L 1]
Cad0 | Cad0 | Ca40 |
Eznmax=14 | Ezmax=12 |l Esmax=14
hQ=28 MeV L hQ=28 MeV L 710=28 MeV
— 35—_ —_ \: —
:— —: :.; 4’-. ]
A[fm™]
e 20
A 19 . -~ e o - |
1 1 1 1 [ | 1 T ﬁl [ | 1 1 1 1
6 8 10 12 14 6 8 10 12 14 6 8 10 12 14
EMax EMax EMax

H. Hergert - The Ohio State University - “Nuclear Structure & Reactions: Experimental and Ab Initio Theoretical Perspectives”, TRIUMF, 02/19/2014



Extrapolation

—260

—280

-300

-340

-360

-380

Zu)(:fi |

20 25 30 35

simultaneous ultraviolet & infrared extrapolation:

hQ) [MeV]

—

E [MeV

-374

-375
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-377

OHIO

SIATE
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T T T T T [T T [ T T T T [ T T T T [T T T T [T T T T [T W]
— ‘|‘\ l' =
= 1 ’ —
Q ' \)
- S Ses
- i N ;’z’ —
e < ‘s f/’ -
- ‘\s S . ;’:'/’ -
[~ \\\‘~ A ___.- ------------------ ~ao PRalivAe ]
n DO L Lk v -
-
L - o \\:\ PRSP AN 1
F 3 el ~-0-
- - STt -
u .'"'— N e R .
~ - 7]
— 5 e A’ —
= SN aem 4 -
- Sy e _' -
- NET T .
- | onl .
- Ezmax=14 3
I I T TN T T N TN TN T T NN TN TN TN T NN NN TN TN TN N N TN TN NN NN NN N MY N M M M

max./UV momentum:
Auv = /2m(emax + 3/2)hQ

radial extent:
L = \/2(emax + 3/2)h/mQ

E(Auy,L) = E. + Agexp (—zAﬁV /A%) + Ag exp (—2k. L)

(R. Furnstahl, G. Hagen & T. Papenbrock, PRC 86,031301 (2012))
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Multi-Reference Flow Equations SIALE
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0-body flow:
dE 1 _
ds Z(na — Np) (Ugfb fy 773) 4 Z (ﬁcdr — Taomss ) NalpNchNd
ab abcd
1 d ab ab 1 ki ab, ki bkl
+ Z Z Ercd A cd T Z Z (ncdr rcdnam) )‘cdm
abcd abcdkim

1-body flow:

:sz = Z (U;fza a772> Z( 377521) (ng — np)

a
1 _ _
S (752T55 — Th2BS ) (Maloiic + Manonc)
abcdef
d 1 d b ‘I b
12 3 (nlerge - rizg) e+ Y (miarss - riants) X
abcde abcde
1 1 d 1 d d 1 larb la b
~5 Z (772?) o — rzgnge) Aoa + 5 Z (Uztay M6 — rzindg) oo
abcde abcde
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Multi-Reference Flow Equations SIALE
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2-body flow:
d 1 1ra2 | 2r1 12 12 (1 a2 12 1 12 12
£r34 — Z (na 32 +nalaq — N3l aa — Malaa — fan3s — famag + f§7734 T ffnsa)

a
1
+52 (néﬁr?,ﬁ — Flﬁn?i) (1 —ns —np)
ab

lap2b  1a, 2b sar1b  r2a_1b
+ Z(”a — Np) ((7732 [4a — rsima) - (77313) [4a — r3?)774a))
ab

2-body flow
unchanged
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