In-Medium SRG for
Finite Nuclel

Heiko Hergert  [@lgil®

Department of Physics, The Ohio State University SDAQI_E
UNIVERSITY




Outline QAT

UNIVERSITY
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Scales of the Strong Interaction STATE
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® quarks, gluons
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® nuclear structure & reactions
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Correlations in the NN System STATE
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Argonne V18

strong short-range correlations
— strong coupling of low and high momenta

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12



Similarity Renormalization
Group Iin Nuclear Physics

Review:
S. Bogner, R. Furnstahl, and A. Schwenk, Prog. Part. Nucl. Phys. 65 (2010), 94

E. Anderson, S. Bogner, R. Furnstahl, and R. Perry, Phys. Rev. C82 (2011), 054001
E. Jurgenson, P. Navratil, and R. Furnstahl, Phys. Rev. C83 (2011), 034301
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Similarity Renormalization Group STATE
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Basic Concept

continuous unitary transformation of the Hamiltonian to band-
diagonal form w.r.t. a given “uncorrelated” many-body basis

® ecvolved Hamiltonian

H(s) = U(s)HU'(s) = T + V(s)

® flow equation:

SH) = [0(s) HiS)] . (s) = T4 Ul s) = (9

® choose 7(s)to achieve desired behavior, e.g. decoupling of
momentum or energy scales

® consistently evolve observables of interest

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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SRG Evolution of NN Interactions SIAIE
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O *™decoupling of low %
and high momenta

® decoupling drastically improves convergence

® SRG evolution induces many-body forces: inclusion of three-

body sector has been achieved
(Jurgenson, Furnstahl, Navratil, PRL 103, 082501; Hebeler, PRC 85, 021002 )
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In-Medium SRG for
Closed-Shell Nuclel

K. Tsukiyama, S. K. Bogner, and A. Schwenk, Phys. Rev. Lett. 106 (2011), 222502
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Decoupling in A-Body Space STATE
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Op-Oh 1p-1h 2p-2h 3p-3h > Op-Oh 1p-1h 2p-2h 3p-3h

IH )

Op-Oh

1p-1h

=

2p-2h

3p-3h

<i‘H(oo) j>

alm: decouple reference state
(Op-0h) from excitations
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Normal-Ordering & Wick’s Theorem STAIL
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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

. /1...//\/ . N—1 k-] kg k/\//~| /
'An1...nN - (_1) )‘n A

.MnNo...NN °

_I_ (_1)N—1 /1 Ak1 kN/2 / _I_

m- MyNq...NN

k1 kN
LA
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Normal-Ordered Hamiltonian SIATE
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Normal-Ordered Hamiltonian

1 ’ y
H=Eo+ )Y ff A+ 4Zrk’ AN Y WA

kimn ifkimn

Eo = ( - —) Zthhnh + = Z (hh'| Vo + T |hh' ) npny + — Z (hh'h"| V3 |hh'h" ) npnp g

hh/ hh h//
fif = (1 - %) ta+ 5 Z kh|Vo + To|lh)ynp + = Z (khh'| V3 |lhh" ) npnyy
hh’
Mo = (KI| V2 + T2 |mn) +Z kih| Vs [mnh ) n,
h
W, = (ijk| V3 |Imn)

two-body formalism includes
(some) three-body interactions
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Choice of Generator SIATE

2p-2h 1p-1h Op-Oh
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Op-Oh 1p-1h 2p-2h 3p-3h

<g|H|\U> :Zflk<\ll| :Ag ::A;( : ‘\U> = —nhﬁpfﬁ

pp’

ki
h H|W>:Zrﬁn<W‘:Aggl, ::Aﬁﬁn:|w>~rp""

hh’

kimn

Off-Diagonal Hamiltonian

HO =741, 9= A0 i+ He, =Y M A% +Hec.

ph pp’hh’
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Choice of Generator SIATE
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® \Wegner
77/ — [Hd,HOd]

® \Vhite . Chem. Phys. 117, 7472)
r/op’

fP /
Il h P hh' pp
n' = AL+ AL, - +H.c.

%h: Ep—En " sz’h:h’ Eppr = Eppr "

Ep — En,Epp — Eppy @ approx. 1p1h, 2p2h excitation energies

. . L
® off-diagonal matrix elements are suppressed like e 25 ®

(Wegner) or e > (White)

® (.S. energies (s — oo) for both generators agree within a few
keV

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12



In-Medium SRG Flow Equations

0-body Flow
dE , 1 b o
E B Z(na B nb) (Ugf: B bng) T2 4 Z (ﬁcgr rcg’nag) NaNpnNcng
ab abcd
~ 2nd order MBPT for H(s)

1-body Flow
d ; )
et = (e~ 298) + 3 (7%~ 12) ra =y

a

1 —_ —_ —
T3 ) (”bcr — Mpanis ) (NaNbNe + NahpNc)
abcdef
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In-Medium SRG Flow Equations STAIE
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2-body Flow

d 12 12 2
I — 3 = Z (773 (34 + 15034 — 13T as — 13T 30 — fan3s — fam3 + f5705 + ffn%ﬁ)

’
Ty Z (Uabr régngﬁ) (1 —na—np)

r 1b 2
T Z Ng — Np) (( gr 327742@) — (77§E|_4a rsgﬁlg))

only linked diagrams contribute,
IM-SRG size-extensive

H. Hergert - Ohio Srare w.... mysICS Of Nuclei”, 05/11/12
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In-Medium SRG Flow: Diagrams STATE
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In-Medium SRG Flow: Diagrams STATE

F(25) ~ P Zg

non-
perturbative & many
resummation more...
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Resummation STATE
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| I T TTTTI | I T TTTTI | I T TTTTI | IIIIIIII | IIIIIIII | T
_ i — IM-SRG(2), Eo(s) |
> 221 - — MBPT(2) with H(s)|
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1)) I a—s CCSD(T) with H(s)|
5 -24-
a i
O
8 == —
g .
75 ~.
- 26
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[K. Tsukiyama, S. K. Bogner & A. Schwenk, Phys. Rev. Lett. 106 (2011), 222502

Eo rapidly approaches perturbation
theory & quasi-exact results

serextreme Matter Physics of Nuclei”, 05/11/12
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Decoupling
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Results STAIE
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[gray lines: CCSD by S. Binder, epax = 12, A2 = 20 MeV ]
converged g.s. energies between CCSD and A-CCSD(T)

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12



E [MeV]

Results: 3N Forces
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[

I I I ™ _300F | I I I
Ca40 - i
Ezmax=12 _ .
710=20 MeV ] —350_— (=20 MeV—_
- E — ® I:_
— o —® - ~400| .
1< -450f .
{4 o© B .
1= i i
| W -500F -
1 -s50F .
1 -600f -
| | | e ~650 | | l l ,{E
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Emax [MeV] Emax [MeV]
CCSD/A-CCSD(T), A = «, G. Hagen et al., PRC82, 034330
D CCSD, NN+3N induced, A =19 -2.2 fm~" , S.Binder, R.Roth et al., arXiv:1112.2087 [nucl-th]
CCSD, NN+3N full
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Isotopic “Chains” OHIO
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N3LO, A = 2.0 fm~', NN only
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® “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

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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Generalized Normal Ordering STAIE
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® generalized Wick theorem (Kutzelnigg & Mukherjee)

® define irreducible n-body density matrices:

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

p%fm = )\Zﬁn + NN, + AN, -+ permutations

A A A
A A m
L AZD s AR AT AR et A3P - N\ab - etc.
A A A A e AR MK et

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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Decoupling SIAIE
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2p-2h 1p-1h Op-Oh

3p-3h

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
pp'p"’
<hh "hh’ ‘\U >

® 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

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12



Multi-Reference Flow Equations

0-body flow:

OHIO

SIATE

UNIVERSITY

z—f = Z(na — Np) (77ta>fb fy 773) % Z (ﬁcdr rigﬁgg) NaNpNcNg

ab

1 ad _.p
I )

abcd

1-body flow:

;’sz—Z(U;fg a772) Z(

a

‘I'% Z (chr

abcdef

42( de

abcde

abcd

ki b ki bkl
(7700’ [ rid”am) )‘co’m

]
ot D
abcdkim

3~ 13053 ) (na — np)

1a _bc - -
rbc772a) (NaNpNe + Nahpne)

+Z( be

abcde

1a de 1a be
bc7723) bc772d) Cd

1 d 1 1 larb 1 b
~5 Z (U;g o — rzgngg’ ) Ag‘;’ + 5 Z (772[2) M6 — rzindg) oo

abcde

abcde
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Multi-Reference Flow Equations SIALE

UNIVERSITY

2-body flow:

d 12 12 1 2
T34 = Z (773 (34 + 15038 — 15T aa — 1T aa — fanBa — famad + famas +1s 77:1,32)

+3 Z ( 2b T34 ;gﬁgﬁ) (1 —ng —np)

2
+ > (2 — o) ((ndgris — T3gnas) — (nBaris — r3amid))
ab

2-body flow
unchanged

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12



Open-Shell Nuclei




OHIO

Approaches to Open-Shell Nuclel SIATE
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® use IM-SRG to derive effective Hamiltonians & operators for

Shell Model calculations
(K. Tsukiyama, S.K. Bogner, A. Schwenk, arXiv:1203.2515 [nucl-th])

® use IM-SRG directly with suitable open-shell reference
state:

® multi-reference state from m-scheme Hartree-Fock,
(small-scale) Shell Model, DMRG, etc.

® Hartree-Fock-Bogoliubov many-body state

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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Particle-Number Projection SIATE
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® 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 - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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Results STAIE
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—300— | | | |

L . | e = :
: -\-\-_—_-/'4203: -400 - -

- \\//46C o 6001
—700} _ I

48 : _7200LO CCSD |
Ca 2 hQ = 20 MeV
. - | | |
AR SRS T s S S SR RS SR 20 22 24 26 28
15 20 25 30 35 N
h() [MeV]

® preliminary results reasonable for NN-only calculation
® multiple generators give similar results

e BUT: evolution takes much longer (stiffness issue?)

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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Conclusions & Outlook SIATE
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® new Ab-initio method, suitable for medium-mass & heavy
nuclei

® two-body formalism includes 3, ..., A-body forces through
normal ordering

® new method for the derivation of shell-model interactions
(K. Tsukiyama, S. K. Bogner, A. Schwenk)

v 3N forces implemented, systematic calculations for closed-
shell nuclel in progress
= optimal choice of generator for open-shell nucleus?

= efficient evolution of observables (density matrices)?

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12
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Results STAIE
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emax=4 emax=5 emax=6 emax=/ emax=8

IM-SRG —@— —Ili O A W

| IM-SRG' =-©-- -{=3-- --O-- --Ac- -N-1 |
‘26.5_ 4He_

_ Generator 1 T Generator 11 _
27 .
B e CCSD 4 |
-—- CCSD(T)

2751

Ground-state energy [MeV]

28,5kl '
16 20 h(%)4[M268V] 32 Energy is nearly identical

| |
[K. Tsukiyama, S. K. Bogner & A. Schwenk; for both generatOrS-
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01 ' ' ' Free-Space SRG
- _ _1 = ]
L k=14 1m | | ® Esnr (pp ladder sum) is
- N°LO(500) _ strongly A-dependent
oL Mo2p2h i (NN interaction only!)
S sl - - Egyp (in-medium SRG) | In-Medium SRG
Z - Egp (free-space SRG)
o 1 | ® A-dependence weak:
Az mm T IR AT T ST - dominant many-body
' ‘ forces included through
e - normal ordering
I ': | I | I | I | I | L ‘ —
30 . L L 8 L Eo (= HF exp. value)
» [ approaches ladder sum:
correlations are
[S. Bogner et al., Prog. Part. Nucl. Phys. 65, 97 (2010)] weakened

H. Hergert - Ohio State University - EMMI Program “The Extreme Matter Physics of Nuclei”, 05/11/12



OHIO

Neutron Matter AR

UNIVERSITY

16 | | | | | | | |
-1
i kF =1.35fm i

Free-Space SRG

3 ® Fprr (pp ladder sum) is
1l N'LOG00) | — 5o . strongly A-dependent

—--. E___ (in-medium SRG) : :
no 2p2h BHF (NN interaction only!)

i - Ep (free-space SRG) | _
o .
< 127 =l In-Medium SRG
= ® \-dependence weak:

e
-

dominant many-body
forces included through
normal ordering

R R N S R ® Lo (= HF exp. value)
approaches ladder sum:
correlations are
weakened

[S. Bogner et al., Prog. Part. Nucl. Phys. 65, 97 (2010)]
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