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® Similarity Renormalization Group in Nuclear Physics
® In-Medium SRG for Closed Shell-Nuclei

® Multi-Reference In-Medium SRG

® Open-Shell Nuclei

® Qutlook
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Scales of the Strong Interaction STATE

UNIVERSITY

® quarks, gluons

QCD

® pions, nucleons, ...
® nuclear interactions

® few-nucleon systems

Chiral EFT

Details necessary?

® finite nuclel

® 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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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SRG Evolution of NN Interactions STIAIE
2B CI2
°S, n(s) = [57\/(3)] °Sy — °D;
05 S o Ef

1

3 o

iy .
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
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2p-2h 1p-1h Op-Oh

3p-3h
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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

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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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

. /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 STATE
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Normal-Ordered Hamiltonian

1 1
HZEO_"ZfIk:A;(:_'_erﬁn:Aﬁn: WII#;(n A;jnl;n:

kimn ifkimn

Eo = ( - —) Zthhnh + Z (hh'| Vo + Ty | ) npny + < Z (hh'h"| V3 |hh' A"y npng
hh’ hh h"

1
f,k:(1—z) tk,+2§j kh| Vo + To Iy + %: kit | Va |8 ) ity

ki
rmn

(KI| V2 + T2 |mn )+ " (kih| Va|mnh ) n,

lek

Imn —

(k| Vs [imn ) h two-body formalism includes
iIn-medium contribution from
three-body interactions

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

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

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

<'2|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’

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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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

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



In-Medium SRG Flow Equations

0-body Flow

3—5 = ;(na — Np) (nﬁff —fotlg ) + lab% (nabr ri‘g,ngg) NaNpNcig @
~ 2nd order MBPT for H(s)

1-body Flow

et = (s —1128) + 3 (%% 03 (o)

a

1 —_ —_ —
+3 2 (752T55 — Th2S ) (Naloic + Manbnc)
abcdef
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In-Medium SRG Flow Equations STATE
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2-body Flow

d 12 12 1 2
as I_34 — Z (nara + nar 77§ra4 o nflr&a o fa 773421 o fa 77(132 +f§77;§ T ffn;ezz)

1
+ = 22 (nagr r!ﬁﬁ?i) (1 —ng —nyp)

r 1b 2
T Z Ng — Np) (( gr 327742@) — (néiua rsgﬁlg))

only linked diagrams contribute,
IM-SRG size-extensive

H. Hergerv=-w.w ~<oright Nuclei”, 10/09/12
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In-Medium SRG Flow: Diagrams STATE
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In-Medium SRG Flow: Diagrams STATE

F(255) ~ P Zg

non-
perturbative & many
resummation more...

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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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)|
2 i .—- MBPT(3) with H(s)| |
: I CCSD with H(s) ]
1)) I a—s CCSD(T) with H(s)|
5 -24-
a i
O
8 == —
g .
75 ~.
- 26
g .
=
o | — 80 B0 B Gberereh s =t
O ) 28: ________ exact diagonalization of H(0)
| | lllllll | | lllllll | | lllllll | | lllllll | | lllllll | 11
107 10° 107 10 107 107

-2
Flow parameter s [MeV ]
[K. Tsukiyama, S. K. Bogner & A. Schwenk, Phys. Rev. Lett. 106 (2011), 222502

Eo rapidly approaches perturbation
theory & quasi-exact results

=wwOrKSHOD * otructure of Light Nuclei”, 10/09/12
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E [MeV]

T T T T T T 1T T | | TTTT] 4I-OI Um0 1] e A e s S B B B B BB R R V[Me‘h"fma]
_520/g o - :H . t o
N Ca - X Sy S———— - 10
. E -1 10: IJ I H I u-I . : n | N | : ‘
! B E+MBPT(2) | F Rl g d < ) ] )
540 _
0
560 -5
- -10
—580
- -15
= L il —l—
—-600 NI WU TT1 B S NI B N 71 M N O I WU 011 N S N A0 1] B A AN S B R 171 B B S W A A1 11 -20
10> 10* 10° 10%* 107" 10° 10!

S

Vsra(N3LO), A = 2.0 fm™ ', epax = 8

off-diagonal couplings are
rapidly driven to zero -

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



E [MeV]
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Results STATE
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N3LO + 3N ind.

- | I 4
-310F Ca40 -
- E3 Max:‘I 4
B 71(=28 MeV ]
~320[- I
i Alfm™ ] 1
~3301 e 20 -
i A 1.9 |
~340F .
~350 4
; -
—360:— —°
i —=
—370:- _
[ 1 | | | L]
6 8 10 12 14

EMax

CCSD/A-CCSD(T), A = o, G. Hagen et al., PRL 109, 032502 (2012)
D CCSD, A=1.9-2.2fm~ ', S.Binder, R.Roth et al., in preparation & PRL 109, 052501 (2012)
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Results STATE

UNIVERSITY

E [MeV]

N3LO + 3N ind. N3LO + N2LO(500) N3LO + N2LO(400)

[ [ JC 1 | | L |
Ca40 | Ca40 | Ca40 |
- Eznmax=14 | Ezmax=12 |l Esmax=14
i 71Q0=28 MeV L 710=28 MeV L 710=28 MeV
-350} AL dL _
i —e— =1l | \: —
- 4 db AL D
- 1L 1 —p——p |
4001 1 1 i
4501 1 1 i
[ Afm] T 1 ]
m 2.2 4k — e
e 20 1F
-500- 4, 1.9 s ~—— —e ° T 7]
| | | | | | | | T ‘T | I | | | | [
6 8 10 12 14 6 8 10 12 14 6 8 10 12 14

Vo)

constraints & diagnostics

for chiral Hamiltonians
(cf. talk by R. Roth)

eM ax eM ax

CCSD/A-CCSD(T), A = o, G. Hagen et al., PRL 109, 032502 (2012)
D CCSD, A=1.9-2.2fm~ ', S.Binder, R.Roth et al., in preparation & PRL 109, 052501 (2012)
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Results STATE
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_6 | | | | | | |
: A[fm™1]
® 22 -
— 7} \ \ T 99
> [__ .
2 7\
< 9 ;
< \
N
~o[ N3LO + 3N ind — & :
_6 | | | | | | |
[ A[fm™'] :
: ® 22 ]
7L m 2.0 -
S I ¢ 1.9 ]
((b)
= -8f -
<
L] :
-9 -
" N3LO + N2LO(400)
—10L

| | | | | | |
He4 016 024 Ca40 Ca48 Ni48 Ni56
extrapolation method: R. Furnstahl, G. Hagen & T. Papenbrock, PRC 86,031301 (2012)
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In-Medium SRG
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Generalized Normal Ordering STAIL
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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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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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’ }: Pk \h'k k \ hh'k kI \hh'kl
I_hh’7 rhm)‘p 'm> E :fl )\pp’la § rmn)‘pp 'mnsy -
Kl

kimn

(b |H

(b

HIW) ~

® 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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



Multi-Reference Flow Equations

0-body flow:
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Z_f — Z(na — nb) ( fe? fb 773) % Z (ncdr rignacg) NaNpNcNg

ab

abcd

1 d
+ 7 > (dsri‘g,) A3 4

abcd

1-body flow:

;,;fz = Z (U;fza a772) Z( 377521) (ng — np)

a

‘I'% Z (chr

abcdef

42( de

abcde

|
) Z (U;grgcej -1

abcde

1a de
bcn23)

1a _bc - -
bc772a) (NaNpNe + Nahpne)

b 1 b
_|_ Z ( e bi772§') Cd

abcde

1
1a_cd\ \cd 1ab 1a_b
zinéie) Ape T 5 Z (772?) Mde — rzindg) de

abcde

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



OHIO

Multi-Reference Flow Equations SIALE
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2-body flow:

d 12 12 1 2
T34 = Z (773 (34 + 15038 — 15T aa — 1T aa — fanBa — famad + famas +1s 77:1,3)

+3 Z ( 2b T34 ;gﬁgﬁ) (1 —ng —np)

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

2-body flow
unchanged

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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Approaches to Open-Shell Nuclel STATE
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® use IM-SRG to derive effective Hamiltonians & operators for

Shell Model calculations
(K. Tsukiyama, S.K. Bogner, A. Schwenk, PRC 85, 061304 (2012))

® 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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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0 T T T T T T T T O T T T T T T T T
' N3LO+3N ind. AO : ' N3LO+N2LO(400) AO ]
~25} Esmax=12 1 -25¢ Eamax=14 |
hQ2 =20 MeV _ hQ =20 MeV |
5ol eMax=8 5ol eMax=8 |
— -75} — -75}
> i > i
0 ®
I I
Ly —100f Ly —100}
~125} ~125}
_ - Alfm™]
~150f 150 ¢ o5
' m 20
_175-_ 1 .l 1 1 1 1 1 1 1 —- _175-_ l’ 1.91 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26
A A

no refit!
e results insensitive to choice of generator for same H°°

® manageable increase in effort (stiff ODE)

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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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, PRC 85, 061304 (2012))

v first systematic study of closed-shell nuclei based on chiral
NN + 3N Hamiltonians completed

= analysis of multi-reference IM-SRG & systematic study of
open-shell nuclei

= efficient evolution of observables (density matrices)?

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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E [MeV]
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Results STATE

—582

—584

586
—588:
—590:
—592:
—594:

_596|-
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AL L N L R _725_' I L I
:4OCa .eMaé N3LO, A=2.0fm 7 :48Ca need 3N forceS
mi10 230l ]

¢ 12

r_‘—735
15 B
1 O
1=
-4 W =
1= 740
745
||||||||||||||||||||||_ __|||||||||||||||||||||||||_
20 25 30 35 40 750 20 25 30 35 40
h() [MeV] h() [MeV]

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

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



E [MeV]

—-660

Isotopic “Chains”

N3LO, A = 2.0 fm~', NN only
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—-860

—630

—640|-

—650-

E [MeV]

-870

-880

-890

-900-

~1200
~1220}
—1240}1

~1260}

E [MeV]

-1280-
-1300-

~1320}

7 [MeV]

hQ [MeV]

® “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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12



simultaneous ultraviolet & infrared extrapolation:

Extrapolation

—260

—280

-300

-340

-360

-380

:ZH)(:Ei |

'*K\\\\\\\\\ x:::ZZ::::::::::::::::;_
A

e —

— D 3=

20 25 30 35
hQ) [MeV]

—

E [MeV

-374

-375

-376

-377

OHIO

SIATE

UNIVERSITY
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— |‘\ 'l' =
- 2R ¥\
L AN :';”" —
~ 27,7
- e ‘s\ ¢,’/¢' -
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= N N ____.. ---------- ~~ R _
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-
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n NPPPPET L ]
- WET e .
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n Espax=14 -
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 (—2/\5V /A%) + Ag exp (—2k. L)

(R. Furnstahl, G. Hagen & T. Papenbrock, PRC 86,031301 (2012))
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E [MeV]
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Results STATE
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—300— | | | |

B } u eMax= :
~600|- - - > CaN -
n -\-\-_—_-/.4203,- -400} N
6501 44 Ca % ~-500 - .
n - L : 7
_ \\//46061- T
~700} _ -

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 - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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Results STATE
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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-

H. Hergert - The Ohio State University - INT Workshop “Structure of Light Nuclei”, 10/09/12
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Symmetric Nuclear Matter STAIE
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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!)
= sk - - 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
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Neutron Matter SIATE
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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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