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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
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SRG in Two-Body Space %‘:%%
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Induced Interactions SIATE

UNIVERSITY

® SRG is a unitary transformation in A-body space

® up to A-body interactions are induced during the flow:

aH
ar [[Za*a, Z@LZ\&T&T&&] ... = ZaTaTaTaaa+ .
2—body 2—body 3—body

® state-of-the-art: evolve in three-body space, truncate

induced four- and higher many-body forces

(Jurgenson, Furnstahl, Navratil, PRL 103, 082501; Hebeler, PRC 85, 021002;
Wendt, arXiv:1304.1431 [nucl-th] )

® use A-dependence of eigenvalues as a diagnostic for size of
omitted induced interactions
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SRG in Three-Body Space

3B Jacobi-HO Matrix Elements
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Decoupling in A-Body Space STATE
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2p-2h 1p-1h Op-0Oh

3p-3h

Decoupling in A-Body Space OHIO
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Op-0h 1p-1h 2p-2h 3p-3h s Op-0h 1p-1h 2p-2h 3p-3h s
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0p-0h
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alm: decouple reference state
(Op-0h) from excitations
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Normal Ordering STATE
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® sccond quantization: A/ =al ...a] a,...a,

® particle- and hole density matrices:

M= (O|Af|®) — ndf, nk€{0,1}

& =MN—-0 — 5 =—(1—nk)f
® define normal-ordered operators recursively:

Al it = AL A AR+ singles
+ (M — X A,f) Ak3 k. + doubles + .
® algebra is simplified significantly because
Ki...k
<<D‘ :AI11...INN ; |<I>> =0

® \Vick’s theorem gives simplified expansions (fewer terms!)
for products of normal-ordered operators
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Normal-Ordered Hamiltonian

=
H=Eo+ ) fif:Af:+ Zr Al +36 Wik . Al

klmn ifkimn

CO)
o)

two-body formalism with
In-medium contributions from
three-body interactions

OO
f = ¢ + Q+
X

Normal ordering w.r.t. Hartree-Fock solution
for complete NN(+3N) Hamiltonian!

Ohio State University - Workshop “From Few-Nucleon Forces to Many-Nucleon Structure”, ECT*, Trento, 06/14/13

H. Hergert -



OHIO

Choice of Generator SIATE
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Op-0h 1p-1h 2p-2h 3p-3h

>

Op-0h
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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)

£P rrp’ ,

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
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In-Medium SRG Flow Equations STATE
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0-body Flow

dE 1 o
E — Z(na — nb) ( f: fb 773) 4 Z (nggrgg rigngg) NaNpNcNg
ab abcd

1-body Flow

5sf2 = Z (nafg —fln ) +Z (nbraz - 577521) (Na — Np)

a

bc 1a bc — _
2 Z ( bc772a) (NahpNe + NaNpnc)
abcdef
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In-Medium SRG Flow Equations STATE
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0-body Flow ~ 2nd order MBPT for H(s)

N

1-body Flow
O

df
= + (@ + +

O

(White generator, Hugenholtz diagrams)
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In-Medium SRG Flow Equations STATE
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2-body Flow

d 12 12 1 2
T34 = Z (773 M54 + 15038 — 13T aa — 13T 3 — fan3a — famad + famas + 14 77:1,32)
12 12, ab
2 Z ( 25T 39 ab77§4) (1 —na —np)
ob  rla_ 2b 2ar1b _ 2a. 1b
T Z(”a — Np) ((773139 [4a — 32774a) (”’732 [ 42 — r3?>774a))
ab
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In-Medium SRG Flow Equations STATE
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2_bodv Elow only linked diagrams contribute,
/ IM-SRG size-extensive

e

s channel t channel u channel

ladders rngs
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In-Medium SRG Flow: Diagrams STATE

E S
e X ) A R
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In-Medium SRG Flow: Diagrams STATE

F(255) ~ P Zg

non-
perturbative & many
resummation more...
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Decoupling SIALE
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| | T | | TTTT] 4|-O| TTTTI V[MEmea]
_520lg - |
Ca’] 10
®oE ]
| M E+MBPT(2) _ .
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—580—
[ -15
g L i ——
_600 | pnul 1 Lol -20
10° 10* 10°  10°°

N3LO. A =2.0 fm™ ', epyax = 8
non-perturbative

resummation of MBPT series/
(correlations)

off-diagonal couplings
are rapidly driven to zero -~
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Results: Closed-Shell Nuclei OHIO

UNIVERSITY

NN + 3N-ind.

m— | | -
~3101 Ca40
- E3 Max:14 .
B 710=28 MeV
~320f .
i Alfm™ ] 1
[ o0 i
_330F m 22
- e 20
N A 1.9
~340[ .
_350|- Bl
| N ———— -
~360[ N |
~370F .
[ | | | |
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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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Results: Closed-Shell Nuclel

NN + 3N-ind.

NN + 3N-full (500)
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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., PRL 109, 052501 (2012) & PRC 87, 021303 (2013)
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Results: Closed-Shell Nuclei OHIO
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He4 016 024 Ca4t £a48 Ni48 Ni56
HH et al., Phys. Rev. C 87, 034307 (2013), arXiv: 1212.1190 [ nucl-th]
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Multi-Reference
In-Medium SRG
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® generalized normal ordering & Wick theorem for arbitrary
reference state (Kutzelnigg & Mukherjee)

® ref. state correlations are encoded in irreducible n-body
density matrices:

ANIESD LARNED LI VS L9
ol = N NN 4 AR AR 4 permutations
® additional terms in normal-ordered operators:
A = AR X AR singles
+ (XA = A + W‘?) Al ;4 doubles + .

® additional contractions, e.qg.,

. pab . k/ . __\ab . pKl |

. A o0 A « - Amn . Acd .
. pabc kim | abm . aACkl
'Adef . Anop )‘dop °Aefn y
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Decoupling Revisited SIATE
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Op-0h 1p-1h 2p-2h 3p-3h

>

(PIH W) ~ fP Zf, A > T Ao - -

kimn
pp pp’ }: pk yh'k Zkhh’kz kI \hh'kl
<hh’ I“hh’ ? I_hm)\P 'm> f/ )‘PP’/ ? r-mn)‘,OP 'mns ¢ ¢ ¢
ki kimn
pp'p"’
<hh "hh’ ’\U >

® truncation in irreducible density matrices

® number of correlated vs. total pairs, triples, ... (caveat for
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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Multi-Reference Flow Equations SIALE
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0-body flow:

dE 1 o
g5 = (e = o) (1512 ~ 1508 ) + 5 > (1Eared — T&ugd ) nanecna
b

1-body flow:
d a a a a
—f = (niff — 1) + ; (1372 — f5nEd ) (na — )

a
1 _ _
S (752T55 — Th2BS ) (Maloiic + Manonc)
abcdef
d 1 d b 1 b
12 3 (nlerge - rizg) e+ Y (miarss - riants) X
abcde abcde
1 1 d 1 d d 1 larb la b
~5 Z (7722 o — I_Q?)nge) Aoa + 5 Z (772?) 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 ff773a)

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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Open-Shell Nuclei

HH, S. Binder, A. Calci, J. Langhammer, and R. Roth, Phys. Rev. Lett 110, 242501 (2013)
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Results: Oxygen Chain STAIE
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E [MeV]

| | I | | | A I ] I | I I | | | A | ]
| NN + 3N-ind. o % NN + 3N-full (400) O
—25¢ Esmax=14 - —25¢ Esmax=14 -
A=1.9 fm™’ A=1.9 fm™" ]
-50( -50( ‘
_75[ ]
L % L
[ = [
~100} w —100F
~125} . —1256—
. ® IM-SRG . ® IM-SRG
—150 m IT-NCSM _150F m IT-NCSM
L v CCSD L v CCSD
475l & A-CCSD(M) 475 & A-CCSD(M)
10 12 14 10 12 14 16 18 20 ~  ——ra
A A no refit of
. 3N interactio
e ref. state: number-projected Hartree-Fock-Bogoliu. »

® results (mostly) insensitive to choice of generator for same H°“
e consistency between different many-body methods
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Variation of Scales AR
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AaMeV] Asralfm™1 A | @ variation of initial 3N

_s0l-
| :f;) 223 1922 cutoff only, NN cutoff
7t unchanged
—100:-
ol ® diagnostics for chiral
| interactions
—150:-
_175/

® dripline at A=24 is
robust under variations

" NN + 3N-full (400)
1 I2 1 I4 1 I6 1 I8 2|O 2|2 2|4 2|6
A
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Calcium and Nickel Isotopes STAIE
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I I I I I I I I I I I I I I I I I I I I I I
el NN + 3N-full (400) o asol NN + 3N-full (400) -
_ ® 22 | [ © 22 ]
MR-IM-SRG _ {'g " MR-IM-SRG _ {g |
_ 500 | —400F '\ 022 -
~300} CCSD ) 49 [ \ CCSD ) 19 ]
_a50}
350 > : \
E L
. -500
| T 3
~400} . :
_ - ~550}-
" @) x ] :
_as50l- . ~600}-
L O | L
O L
= ' A
W - | NI
[ ' 1 1 ! ! ! - _650_ 1 1 1 1
0073036 38 40 42 44 46 48 50 52 54 56 58 60 48 50 52 54

A

emax = 14,[Eaviax = 14

Exvax = 14 insufficient for neutron-rich pf-shell nuclel,
extension to ~20 coming soon !
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IM-SRG + Shell Model

S. K. Bogner, HH, J. D. Holt, A. Schwenk, in preparation

K. Tsukiyama, S. K. Bogner, and A. Schwenk, Phys. Rev. C 85, 061304(R) (2012)
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Valence Space Decoupling STAIL

3p-lh  2g-0h  2v-Oh
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2v-0h  29-0h  3p-lh  4p-2h

>
&k
A
non-valence
particle states 9
p ———
valence
particle states
T — O EF
hole states h ° °
(core) 0p-0h
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Valence Space Decoupling STAIL

3p-lh  2g-0h  2v-Oh

4p-2h
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2v-0h 29-0h 3p-1h 4p-2h s 2v-0h 29-0h 3p-1h 4p-2h >

2v-0h

29-0h

3p-1h

4p-2h

IH ) SILICON)

® use White-type generator with off-diagonal Hamiltonian

{HPIL = {6015 68 £, T8 T2 107} 8 Hee.
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Oxygen Spectra STAIE
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E [MeV]
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| | | | | | 12 | | |
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— +
Jrm— = 4 8- —eeeee — 3/2F
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~~~~~~~~~ — +
— — gt e —
n | 6 E— — N |
S 01T L — 9/2" r —9
? ------------ O + = F— — //_ ----------- — O +
- 7 - % e\ M 3/2" %: 6- P
— = 4 /— """""" 527 = — e 4
~~~~~~ —— = = = — 2 + LIJ ;:’/‘—/,—"_-"-""-"_ 7/2 LLI 4 —— . [ 2 +
— 4 N __ L 9/2+ . e 4] T
~~ e 2+ 1/2%
| — ) +— 21 — e — D + ]
O - = T 3/2+
= — e —ennn —_— 0 - 5/27] of — e — e —_— 0 -
| | | | | | | | |
Exp 1.9 2.2 Exp 1.9 2.2 Exp 1.9 2.2
A [fm™1] A [fm™] A [fm™]

NN-+3N-full (400), emax = 10, Egvax = 14, hf2 =24 MeV

v/ good description of low-lying states

V' easy approach to spectra, odd nuclei, intrinsic deformation

= but: numerical effort determined by shell-model calculation
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® powerful and flexible new Ab-initio method:

® ground-state properties of closed- and open-shell nuclel
® derivation of microscopic shell-model interactions

v first systematic studies of closed- and open-shell nuclei

based on chiral NN + 3N Hamiltonians completed
(H. H. et al. PRC 87, 034307, and PRL 110, 242501)

= cfficient evolution of observables / effective shell-model
operators ?

= EoM formalism for excited states, odd nuclei

= deformation, continuum effects, etc. ...
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