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Chiral Hamiltonian

direct inclusion

Chiral Nuclear
Nuclear huge model spaces Structure
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account for strong
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Chiral Hamiltonian

direct inclusion

Chiral Nuclear
Nuclear Structure
Forces Similarity | Calculations
= Renormalization )
\ Grou S
697\\\\\_; P E§>o

;
tary transfor™
= NN interaction @ N3LO [Entem, Machleidt, Phys.Rev C68, 041001 (R) (2003)]

= 3N interaction @ N2LO

~ Cp ~ CE *+-®-¢+ ~(Cq1,C3,Cy
fixed in NN system

e cp & ¢ fixed by binding energy and B-decay halflife of triton

[Gazit et.al., Phys.Rev.Lett. 103, 102502 (2009)]
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Technology: From Diagrams to Observables

NN at N3LO and 3N at N?LO

unitary transformation by
~__ Similarity Renormalization Group _~

e ———— R ———

benchmark of SRG-transformed

chiral NN+3N Hamiltonians
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Similarity Renormalization Group (SRG)

evolution of the Hamiltonian to
band-diagonal form with respect to a
chosen many-body basis

simplicity and flexibility

_ it t £ tion of Hamil are great advantages of |
unitary transformation | Hhe SR spErands

Ho=UT H\\\\‘

= evolution equation for Hy depending on generator ng

d - ~ dUq

—Hq = [na, H =-Ul — =—nt
dg @ [Na, Ha Na “ do Ny

» dynamic generator: commutator with the operator in whose
eigenbasis H shall be diagonalized

Na = (ZU)Z [ Tint, F'a]
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Technology: From Diagrams to Observables

NN at N3LO and 3N at N?LO

unitary transformation by
~__ Similarity Renormalization Group _~

T —————

trafo from Jacobi into
_JT-coupled matrix elements __~

————

benchmark of SRG-transformed

chiral NN+3N Hamiltonians
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J T-coupled vs. m-scheme Matrix Elements

» Mm-scheme state
|(Nala, Sa)jaMa, (Nblb, Sp)jpMp, (Ncle, Sc)jcMe, tamt,, taMye,, tcMt, ) q
= J T-coupled state

[{[(nala, Sa)ia, (Nblb, Sb)iplab, (Ncle, Sc)jcy T, [(ta, th)tap, tclT)a

= basic symmetries of the Hamiltonian can only
be used in the JT-coupled scheme

104_] T T T T I_-<_ 823OGB

2 [ ]

more than two orders m 07 l 24 GB
of magnitude reduced © of ]

memory needs/ 1071
\ 10-2 ® m-scheme |
i e 7 T-coupled ]
6 8 10 12 14 16
Emax
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J T-coupled Matrix Elements

a([(ia,jb)./abfjc]j, [(ta, tb)tab, tc]T| H |[Uérjg)f;brjé]j, [(ta, tb)t;b, tc]T)a

= 31)

lem « transformation directly into
a b ¢ Jw J T JT-coupled scheme

e key for efficient application

e computationally demanding

XZT Nem lem N1z iz n3 3
Sab J12 J3

/! W A~/
abcabj

/ ;o = invented optimized storage
X;T nfm Lem n12 G2 M3 G scheme for fast on-the-fly
Sap J12 15 decoupling
X an,i Co’ i’ (EjTi| H |E’jTi’) = optimal for many-body ap-

proaches that rely on
m-scheme matrix elements
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T Coefficients...

a b ¢ Jw | T

T Nem  lem n12 l1 n3 (3 :
< scalar product of harmonic
ab  J12 oscillator states of the two

_ y‘ 7 y‘ 7 y\ \represe ntations -

Lap £L12 £ S3 A

X 020 ,+1g+2np+lp+2nc+1e, 2Nem+lem+2n3+3+2n012+12
X ((N12£12, n12l12; Lap|nplp, Nala))1 - _ _—
(( cmicm, 11383 | 12412 cc))2 brackets ((|))

(1o b Lav| [Lab b £ [l 5 L3 & various angular mo-
X 3 Sq Sb Sab  { Sab Sc S3 | { Sab Sc S3 ¢ mentum recouplings

. : . neccessary for coordinate
\/a Jb ./abj \./ab Jc j} \/12 J3 J J transformation

( )
X le L12. A }{lcm 3 A }{lcm L3 L} = precaching indispensable
12 £ Lap) \li2 £ L3) | S3 T J

N N N AN

X fa]bfcjab]12]35ab,/52£2/\2L2L2b( 1)lC+A+Lab+£+53+112+J

— —
—
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Technology: From Diagrams to Observables

NN at N3LO and 3N at N?LO

unitary transformation by
~__ Similarity Renormalization Group _~

I

T ———— — ——————

trafo from Jacobi into
JT-coupled matrix elements __~

— A —_———

Importance-Truncated
~____ No-Core Shell Model

———

benchmark of SRG-transformed

chiral NN+3N Hamiltonians
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Reminder: Results in upper p-Shell

= Sizable a-dependence of
absolute energies

-138 l
140 G 160 -
. .\ ]
1421 ¢ hQ=20MeV |
—-144 4 %N Q
s -146F - .
w-148} "\‘ \k\ -
150 7 _
17 origin of |
SRG-induced forces? \ |

. )
find new SRG ,'0

SENEEIDE o 0/8 fm [Roth, Langhammer, Calci, Binder, Navratil

=T 0 16fm*  arxiv1105.3173]
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Alternative SRG Generators
— First Results —




Modified SRG Generator

Find SRG generator that...

e preserves pre-diagonalization, i.e. improved convergence during
many-body calculation

e suppresses induced four- and higher-body interactions from the
outset

= a-dependence induced by initial 3N interaction (N2LO)
= idea: leave out initial 3N force in the generator

d .
INN+3N __ 2 , LINN+3N-ind.7 gNN+3N
SN = [ 2 [T HY ], FN+3N]

-~

Nao

s Simultaneous evolution of the NN+3N and NN+3N-induced Hamil-
tonian needed
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‘He

- Standard vs. Modified SRG

Na ~ [Tint, HEN_'_BN] Na ~ [Tint, H2N+3N—ind.]
23 — , 23
' 4 ' o 4
241 He ] _24_’ He i
M AQ =20MeV | L AQ =20MeV |
.25} -25F i
S e > Ed
S 26} 4} S -26/% @
271 - 27 AL e
A @ Ai
R &=
-28¢ Sy e -28 R
i, 225 et et e
20L 20L
2 4 6 8 1012141618 20 2 4 06 8 1012141618 20
Nmax Nmax
° 4 A

a=0.0625fm* a=0.08fm* a=0.16fm?*
A=2fm~! A=1.88fm™! A=1.58fm™!
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160 - Standard vs. Modified SRG

: IHHNN+3N-ind.
r)a ~ I:Tlnt, Ha " :I

: HNN+3N
r)a ~ I:Tlnt, Ha :I

-100~ -100

&‘ “‘ ““ T
- 16 i R 16
-110} O ] 110k O |
o hQ =20MeV | a *O hQ =20MeV
,;.-120- .;-120_ A \\‘\‘\\
C o ] v S ey P
= 1300 Y 2,130/
TN ‘; TN, _
-150} “Aa 4 -150}
2 4 6 8 1012 14 16 18 20 2 4 6 8 1012 14 16 18 20
Nmax Nmax
'Y L 2 A
a=0.0625fm* a=0.08fm* a=0.16fm*
A=2fm~! A=1.88fm™! A=1.58fm™!
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Matrix Element Analysis

: | a=0.00fm*

0 4 81216202428

T=1 ym=1" o =20Mev

0.00 -6.5¢
0.23 . 7
> L
1.0 — % i
g w75}
3.55 ~ ;
-8t
12.0 [
40.0 -85
0O -E—18 20 22 24 26 28 0O 4 8 12 16 20 24 28
(E, l) E or Nmax
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Matrix Element Analysis

e a=0.32fm*

0 4 8 1216 20 24 28 |
S— A=1.33fm~!

—

(EJTi| (HNN+3N — 70 |EYT V)
T=1 ym=1" o =20Mev

0.00

0.23

1.0

[MeV]
E[MeV]

3.55

12.0

40.0 -0.JF
28 0O 4 8 12 16 20 24 28

O -E—18 20 22 24 26
(E, D) E or Nmax
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Matrix Element Analysis of TPE Contribution

E
0 4 8 12 16 20 24 28

T fo
| |58 e e et ls +-@-4

116
120

(EJTI| (VTPE = Tine) |[EYTY)
" hQ =20 MeV

128 T=% _/

Nll—'

0.04 « far off-diagonal matrix
elements not affected due

e = I \\17 B

26 generators goes on g to modified generator
. . ; 0.68 —
e e e = slow convergence

0 -E—18 20 22 24 26 28
(E, )
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Origin of SRG Induced 4-body Forces

-150}

-160L:

. std. | cp=0

16

. O
_ AQ=20MeV | |
* . )

ce=0 ci=0
® ]
‘\ L *. )
g S '
2 4 6 8101214 2 4 6 8 10121416
max max

e d=0.08fm* (AN=1.88fm™ 1) ® a=0.16fm* (A=1.58fm™1)

set individual LECs of
3N force to zero

refit the remaining to
3H binding energy

cp=0o0rcg=0:
a-dependence
unchanged

two-pion exchange

iInduces many-body
forces during SRG
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Reminder: Results in upper p-shell

= Sizable a-dependence of = a-dependence of relative
absolute energies energies negligible
-138 ————— 20 ——
-140-— : 160 18_‘ 12¢ —0-+1]
142 LN AQ =20MeV | b= === =%
4200 = -_ ] )
S-146F % =10 __
w-148F " o 8 a=o008im*  —ow
6| (a=0.0625fm*)
150t 5 - 4-__17(2 = 20MeV —240]
) origin of N e .
Y _origin o sensitivity studies
SRG-induced forces? \ | o . \
| i of chiral interactions on ~
find new SRG LEC or cutoff variation
.~ generators Nq /o, possible
® Ui ~J8fm
Aa=0Irm—=a=0.16fm* T —
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Benchmark of chiral forces
— Sensitivity on 3N Cutoff —




Cutoff Sensitivity of Chiral 3N Force

115
-120!
-125%
-130}

E [MeV]

-145f -
-150}

-155

-135+¢

-140}

e reduce cutoff to A =400 MeV for }X >K H{

e refit ce to *He binding energy, cp = —0.2

standard 3N

160 ||
i e
AQ=20MeV |l
.. {} a=0.08fm* a=0.16fm* |
o Il A=1.88fm ™t A=1.58fm™ ! |

3N cutoff 400 MeV

2 4 6 8 10 12 14

Nmax

"2 4 6 8 10 12 14

Nmax

Sensitivities

= Sizable reduction
of a-dependence

= shift towards
experiment
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Cutoff Sensitivity of Chiral 3N Force

Ex [MeV]

20

181
16|

==
o

N

o N B O 0
I e Y L

e reduce cutoff to A =400 MeV for }X >K H{

e refit ce to *He binding energy, cp = —0.2

standard 3N

3N cutoff 400 MeV

12C 0+17 0+17

— e — _ TR IR e — 2+1
RN -« - - — - - - -  “— 2+0 —— — 2+0

— — 1+1 7 * e— 1+1 7

e — 4+0 - ) " — . 4+0 -

AQ = 20MeV '- 140 T e 140

| o =0.08fm* e ]

. A=1.88fm™!

e 040 — 040"

— 2+0 || 2+0 |
— e — e — — () () o [ — - — 0+0

2 4 6  EXxp. 2 4 Exp.
qux Nmax

Sensitivities

= Significant shift of
110 state

= Mmuch smaller ef-
fects for other
states
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E [MeV]

Cutoff Sensitivity of Chiral 3N Force

115
-120!
-125%
-130}
135/
-140|
-145]
150}

-155

e reduce cutoff to A = 300 MeV for }X >K H{

e refit ce to *He binding energy, cp = —0.2

standard 3N

3N cutoff 300 MeV

160

P o oy o o ]

@

nQ=20MeV ||

. o =0.08fm*

Il A=1.88fm™?!

° L 2 |
a=0.16fm* |
A=1.58fm™ ! |

2 4 6 8 10 12 14

Nmax

"2 4 6 8 10 12 14 16

Nmax

Sensitivities

= a-dependence
vanishes

= Shift towards
experiment
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Cutoff Sensitivity of Chiral 3N Force

e reduce cutoff to A = 300 MeV for }X >K H{

e refit ce to *He binding energy, cp = —0.2

- standard 3N 3N cutoff 300 MeV
181 12 | ol __ — — =—oai Sensitivities
16 = = .~ ol e 2+1 - _ .
== == == ==1171 & again shift of 170
14 o *_:S:;_-.-— ----- 440+ K 4+0 -
L AQ=20MeV T wolt e 1e0 state
< 12} T ]
> [ a=0.08fm* I _
L 10l A=1.88fm 1 1 = strong effect on
~ g T m— i | almost all other
TN —0+07[ ——0+0] states
6L 1L _
Al — 2+0 || 2+0 |
o3l 1L
Of = - ... 040 | o - - 0+0
2 4 6 Exp 2 4 6 EXxp
qux Nmax
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Benchmark of Chiral Forces
— LEC Variations —




Shifted ¢j’s...

= Shift the NN data based ¢;’s

C3=cC3+ Cq4 =Cq —

= equivalent to inclusion of the following TPE diagrams at N3LO
Bernard, Epelbaum, Krebs and MeiSner [Phys.Rev. C77, 064004]

= changes of ¢;'s at the order of 20% — 30%

= might have significant impact on spectra
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E [MeV]

LEC Sensitivity of Chiral 3N Force

-115 -
-120}
-125}
-130¢
135/
140}
145}
150/

-155

e shift ¢;’s used in }X >K H{

o refit cg to 4He binding energy

standard 3N

shifted c;’'s

160

P o oy o o ]

AQ=20Mev || °

Il A=1.88fm™?!

° L 2 |
. o =0.08fm* a=0.16fm* .

A=1.58fm™ ! |

2 4 6 8 10 12 14

Nmax

"2 4 6 8 10 12 14

Nmax

Sensitivities

= a-dependence
slightly reduced

= slight shift
towards experiment
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LEC Sensitivity of Chiral 3N Force

e shift ¢;’s used in }X >K H{

o refit cg to 4He binding energy

standard 3N shifted c;’'s

20 —

181 12¢ 0+17[ 011 Sensitivities
16 = = 2o - 23 _
== T = 7771 = again 1T state
14 - *_i.;_-.-— ----- 440 = : 4+0 +
- AQ=20MeV T 140 — 140 affected
290l A=188fmt A = 1 = minor effects on
=T —— i | the other states
uy 8_‘ —0+07[ i 040 ]
6L 1L ]
Al — 2¢0] ) 2+0
oL 1L 1
Of === 040 == 040
2 4 6 Exp 2 4 6 EXxp
qux Nmax
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Sensitivity on weakly constrained €3 & Cg4

= LECs from mN vertices are quite loosely constraint

= Some possible ¢; combinations
C1 [GeV1] C3 [GeV!] C4 [GeV1]

Rentmeester et al. PRC 67, 044001 -0.76 -4.78 3.96
Buttiker et al. NPA 222 =7 -0 -4.70 3.40
Fettes Let’s study the changes on the 12C 3.47
Entem et arm— spectrum... /3.40
Entem et al. PRC 68,041001(R) -0.81 -3.20 5.40

= What happens if we start varying the ¢;’s within or even beyond
these bounds?

= IS one LEC more important for spectra than the other?
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Sensitivity on ¢; & ¢4: 2C

e refit cg to *He binding energy, cp = —0.2
standard 3N Cq4=5.4—-3.4 C3=-3.2 > —-4.7

20 * I I T T T T
18 | 0+171 0+17[  — 0+17]
16f == o =2 et L T T e
—— e R | e e — P e =210
14} — 4+0} — L — 4+0 L 440
| : 1+0 ‘ ] +0 ] : ! 1+0 ]
> 12 _- 1L 10 _
= 10 / s i i
™ 8_‘ —0+07[ —_— 40 |[ — - o ~0+0]]
gL [Q=20Mey 1L 1L significant
a=0.08fm almost no effect -
al e 240 o changes in the |
51 spectrum
0_-+ """ ———— = 040 [ = —_— = 0+0 [ = — = 0+0
2 4 6 EXp 2 4 6 Exp 2 4 6 EXxp
Nmax NmClX Nmax

= C3 seems to be very important for spectra
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Conclusions

= breakthrough in handling of three-body matrix elements

e consistent similarity transformation including full 3N forces
and inclusion into (IT-)NCSM calculations

e investigations of the whole p-shell (even beyond) possible
at moderate computational cost

= sensitivity studies of p-shell nuclei spectra on cutoff or LEC
variation

e especially 170 state in 12C very sensitive to cutoff variation

e 12C spectrum rather insensitive to variations of cq,
but sensitive to variation of c3

e ready to adopt matrix elements of N3LO three-body force

= modified SRG generator
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Epilogue
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