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m Reminder — Similarity Renormalization Group

m Ab-initio Description of Nuclear Reactions Including 3N Interactions
e The NCSM/RGM Approach

e Treatment of 3N Interactions

e n-*He, n-12C and n-1%0 scattering

m Medium-Mass Nuclei with 3N Interactions
e The Normal-Ordering as efficient tool to treat 3N interactions
e Ab-initio Benchmarks via IT-NCSM and CCSD

m Soft Interactions in Many-Body Perturbation Theory
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Reminder: Similarity Renormalization Group

Wegner, Glazek, Wilson, Perry, Bogner, Furnstahl, Hergert, Roth, Jurgenson, Navratil,...

...yields an evolved Hamiltonian with
improved convergence properties in
many-body calculations

m uhitary transformation of Hamiltonian driven by

d

Eﬁa — [’701, ﬁa] ’70{ — (2,‘1)2 [Tint’ Fla:l

m NN interaction @ N3LO (Entem, Machleidt, Phys.Rev C68, 041001 (R) (2003)]

m 3N interaction @ N2LO

e standard 3N: ¢cp & cg fixed by binding energy and (-decay
halflife of triton [Gazit et.al., Phys.Rev.Lett. 103, 102502 (2009)]

e reduced cutoff A = 400MeV 3N: cp & cf fixed by B-decay
halflife of triton and *He [Roth et.al.,, Phys. Rev. Lett 109, 052501 (2012)]
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Reminder: Similarity Renormalization Group

Wegner, Glazek, Wilson, Perry, Bogner, Furnstahl, Hergert, Roth, Jurgenson, Navratil,...

...ylelds an evolved Hamiltonian with
improved convergence properties in
many-body calculations

m uhitary transformation of Hamiltonian driven by

d " - ~
EH(X — [’701, Ha] ’70{ — (Z,U)Z [Tint’ Ha:l

Different SRG-Evolved Hamiltonians

m NN only: start with NN initial Hamiltonian and keep two-body
terms only

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

m NN+3N-full: start with NN+3N initial Hamiltonian and keep
two- and three-body terms
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Three-Nucleon Interactions in the
NCSM/RGM Approach

S. Quaglioni and P. Navratil Phys. Rev. Lett. 101, 092501 (2008)
P. Navratil, R. Roth and S. Quaglioni Phys. Rev. C 82, 034609 (2010)
S. Quaglioni, P. Navratil, G. Hupin, J. Langhammer et al. arXiv:1210.2020
S. Quaglioni, P. Navratil, R. Roth, W. Horiuchi — arXiv:1203.0268

In collaboration with:
Guillaume Hupin, Sofia Quaglioni, Petr Navratil, Robert Roth




Realistic ab-initio description of light nuclei |

bound states resonances
& spectroscopy & scattering states
(IT-)NCSM/RGM
approach |
(T )NCSM . 2PPeEC / RGM
ab-initio description a cluster technique that as-
of nuclear clusters * ® sumes clustered nucleons
¢ .
A-a
this talk:

inclusion of

| succesfully applied with NN interac 3N interaction /
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General Approach of NCSM/RGM

m Represent H|¢/™) = E |¢/™T) using the overcomplete basis

L9 (r) T
W”T ZJdrr AV|¢;//1,'€T> g]f/" (r) unknown
with the binary-cluster channel states
JTT §(r—ra_q.q) NCSM delivers
’¢Jnr> {|¢(A a)>’¢(a)>} rrAf\a,a : |¢(A—a)> and |¢(a)>

m Solve generalized eigenvalue problem
gjnT

ZJ drr? [H{f\;(r’, r)— ENJHT(r ry]| /=

1%

Hamiltonian kernel Norm kernel

(917 A HA, |9I7T) ) o 'AV|¢y
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The Hamiltonian Kernel: NN Diagrams

m Consider NN-interaction kernels with single-nucleon projectiles

(A-1)
:’\.(1)

T T
(@07 | VA |®T) = (@[ Van[1 - Z Tial [017)
=(A—1)(¢) | Vac1,a|9)"T)
vir ’ } "direct" kernel
.
—(A=1)(¢7|Vac1,aTA-1,A ¢/7)

_(A-1)(A- 2)(4,]//",7, |¢J7TT "exchange" kernel

Va2 aTa-1.A

densities
managable

o <¢/(A—1)’ ata |¢(A—1)> o< <¢/(A—1)| atataa |¢(A—1)>
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Towards Inclusion of Full 3N Forces

m Derive expressions for Hamiltonian kernel with 3N interaction
(A-1)

= 3N-interaction kernel 3;’\.(1)

(cpv,r, VunA2 |¢j"T = (qb{]frT, Vnn[1 = Z Tia] |¢MT
_ (A—1)2(A—2)<¢]//7/Tr7; VA—2 A1 A |¢lj/1rrT> \
— (A—1)2(A—2)<¢‘J/1}; Va_2 a—1.ATA—2 A ¢1j/7rTT> r "direct" kernel
— (A_l)z(A_z)W\j/T/TII Va-1,4-2,aTa-1,A ¢xj/7rTT> ) challenge: \
- DDA GV s aaTa1al0T) | 3 oy denty )
N ~ <¢,(A_1)|afa?aa’¢(A—1)> o (¢"A-D|atatataaa |pA-1)
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Two Ways of Handling the Three-Body Density

@ Precomputed coupled densities

Z 7 7 7: sz- ( 1Ya +/b_/o+f+’<+-’1+]( 1)3/2-tH +TH+TLH+T

]O] tOt Nalaja ncxlor]or nbl;)j;)

K_/O TTo Nplpjp N l’ja g t’

. . 1 1)
{Il KIi}{j' K ]}{7;1 T 7;1}{5 T = 3-body density

i/ ' ’ i/ = T = t” t/ . cannot be stored

J j J g IOJO 2 2 g O \ /

KT

(¢4~ DI,T, ”[(anu(a /| d ’léjé)j 0)9 g((analajaanalala)j °Qny! lb)jOTO:| ”‘P(A YT

/7 /
b/b

/7 (7 ;7 7 17 ;7 N\ /7
oSG Myl igto, n'UiYoTo| Van |((Nalajas Nal- - of JT-coupled
3N matrix elements

e —— —— 77/17::;;,;,,2701'?2”




Two Ways of Handling the Three-Body Density

@ Precomputed coupled densities

Z 7 7 7 7 lejof-og/f/(_1)jf1+jg+jo+g’+Ig—Il+j(_1)3/2+To+t;—T1+T,3
J y| V| V| g

_/0]6 t0t6 nalaj:a nalaj:a n;)l;)j;) ¢//IBTB
JoTo Nplpjp n;l;j; g’t;

{(IB g’ Ii\ (T5 t; 7;1\ applicable up to #He targets

Joig J/ p{Totl 5 ¢ - coded by G. Hupin /

J1J ) \Ti3 T T
— t (At T 7 t0\g 't -

(/A 1)IiT1 |(anlj(angz;)j;an&l;ja)joto)g o A-D15Tp)

<¢”(A_4)I,8T,8||((dnalajadnalaja)j0todnblbjb)jOTO ||¢(A_1)I1T1>
AW, g Lot n'Ui)oTo| Van |((Nalajas Nalaja)ioto. Nblbjb)oTo),
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Two Ways of Handling the Three-Body Density

® Compute uncoupled densities on-the-fly

+ acces to heavier targets
+ no averaged isospin

7 7 Yy Y (- itht perfectly parallel
ji* Mimj Mty me Mym{ M7 m? \

(Il j|J ) ( T1 2| T ‘treatment of M; & M7 q.n.’

My mj| My ) \ Mry mt new computational scheme
IIDIDID | \&infrastructure
Ba-3Ba-2 B 3 B4 5 Ba_1 _

/(A=1)17 pp? 17 N/
(¢ IMlTlMT1|a

/ / / (A_l)
ﬁA 2 ﬁA—3aﬁA—3aﬁA—2aﬁA—1 |¢ [iM1T1M7,)

nljm;j th
efficient

a{Ba=3Ba—2n’lj’ m mt|V3N|:3A 3B _BA_1)a decoupling
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Scattering Phase Shifts: n+“%He

‘4He
- . .
" Comparison against |
125 n A T T T T | — experiment /
ool & AAra P2 ] T
- A ) —— A AAL, A A
75- “ ,/"/” §§§§§ Bt Nmax =13
L. 7/ 2/:’1/2 | es0m eXperiment
50} a //, . ,,&-‘3—'—’-:".'-:"'_-._-!-_':':!-—';.—'! ....... NN-only
— L A 2= -
D 2514/ /.,” {  --- NN+3N-ind
Z, 0' C ' —— NN+ 3N-full
IS o 2
o5 e D3/2 i : : :
| e, _ iIncreased spin-orbit \
50F ey - ~ splitting by inital y
_75-_ 4 e - 25 1 \ ,
- "Helgs) TR, s | a=0.0625fm*
_100 I I I I I I =" . _
0O 2 4 6 8 10 12 14 (A=2.0fm™")
Evin [MeV] hQ =20 MeV
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Scattering Phase Shifts: n+“%He

4He
*

.“\-" __ Convergence w.r.t. Nmax /
125F ' l I T T I — ———— e —
100/

' NN+ 3N-full
75_ ....... Nmax = 7
50 i I eessSSRSSIEESe—e—— T Nmax — 9
825 : “‘Nmax—ll
= ol — Nmax =13
o
-25
-50
-75
[ a=0.0625fm*
100 o

0O 2 4 6 8 10 12 14 (A=2.0fm™1)
Evin [MeV] hQ =20 MeV
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Scattering Phase Shifts: n+“%He

125

100/
751
50!
251

6 [ded]

-25

50/
75
-100

“He(g.s.)

O 2 4

6

8

10 12 14

Exin [MeV]

Convergence w.r.t.

: E = Mmaxi1ej1+er+e
\?vmax {e1 2 3}

NN+3N-full
Nmax =7
Ezmax =4
Esmax =6
E3zmax =8
---E3max =10
— E3max =12

a=0.0625fm*
(A=2.0fm™1)

hQ =20 MeV
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Scattering Phase Shifts: n+“%He

Taking into account

125 ~__excited states of ‘y
100/ T
_ NN+ 3N-full
75 | Nmax == 11
50 ess0m eXperiment
o e | 4
o 25 — “4He 07(g.s.)
S, ol --- %He 07(g.s.), 0t
o
-25 :
- need more excited
'50_ states...work in
-75 progress
! a=0.062>+_
_100 1 1 1 1 1 1 _
0 2 4 6 8 10 12 14 (A=2.0fm™1)
Evin [MeV] hQ =20 MeV
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Conclusions NCSM/RGM

NCSM/RGM delivers ab-initio description of |
~—— low-energy nuclear reactions -

m strict test of predictive power of chiral forces

m inclusion of 3N interactions challenging but practically completed

e first n+*He results show expected enhanced spin-orbit split-
ting

e consideration of more “He eigenstates necessary

e new computational scheme — heavy targets accesible

m stay tuned...
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Medium Mass Nuclei
with 3N Interactions

R. Roth, S. Binder, K. Vobig, et al. — Phys. Rev. Lett 109, 052501 (2012)




Normal-Ordered 3N Interaction

avoid technical challenge of
including explicit 3N interactions in
many-body calculation

m idea: write 3N interaction in normal-ordered form with respect to
an A-body reference Slater-determinant (OhQ state)

Van=» V3N ata'a’a a a

000000 o O o o O o

=W +> wit{afay+> w2
+ w38 {alalala a6}

= WOB + WlB + Wzs + W3B
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Normal-Ordered 3N Interaction

avoid technical challenge of
including explicit 3N interactions in
many-body calculation

m idea: write 3N interaction in normal-ordered form with respect to
an A-body reference Slater-determinant (OhQ state)

v3N - atatar a a a

000000 o O o o O o

V3N =

— /OB +Z w1t {afa ) +Z w28 {afata a )

0000

~_operator identlty

S —

= WOB + WlB + Wzs

m question: if we neglect the normal-ordered W3B 3B term, how
well does this approximation work?
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Benchmark of Normal-Ordered 3N

‘He

2 4 6 8 101214161820

Nmax

-110¢

-115+¢

-120+

135

-140}

-145}

-150

160

NN+3N-ind.

S =T~

N
B-g _________

2 4 6 8 101214161820

Nmax

m compare IT-NCSM
results with
complete 3N
to normal-ord. 3N
truncated at 2B

level

m typical deviations
up to 2% for 4He
and 1% for 160

complete / NO2B

®/O
®/0
A/ A
m/O

a = 0.04fm*
o =0.05fm*
a=0.0625fm*
a=0.08fm*

hQ =20 MeV
E3max
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Anatomy of Normal-Ordered 3N

I T [ I T I

O Q Q 0B o

: : ;

- o o +oB truncating
2 full 3 3 full normal-ord.
= " " interaction at |
i 2 "% 2B level works /

+ +1B S S +1B
= +2B = = 4L well
= full ~a - full

2 2 no general \\
2 - igh igh pattern or |
= a2 ° > hierarchy in
"_’I_’ I normal-ord. |
= J
= 18 ° o o 0B-1B-2B
= +2B = +2B = +2B contributions /
full =X full =X full ”
| | | | L | | | |

1 1 1 1 1 l 1 l 1 l 1 l 1 l 1 l 1 1 1 1 1 1
-1 0 1 2 3 O 10 20 30 40 50 60 O 100 200 300 400 500
(3N) [MeV] (3N) [MeV] (3N) [MeV]
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Coupled Cluster Method using
Normal-Ordered 3N Interactions

R. Roth, S. Binder, K. Vobig, et al. — Phys. Rev. Lett 109, 052501 (2012)
G. Hagen, T. Papenbrock, D.J. Dean, and M. Hjorth-Jensen — Phys. Rev. C 82, 034330 (2010)
G. Hagen, T. Papenbrock, D. J. Dean, et al. — Phys. Rev. C 76, 034302 (2007)

A.G. Taube and R.J. Bartlett — J. Chem. Phys. 128, 044110 (2008)

A.G. Taube and R.J. Bartlett — J. Chem. Phys. 128, 044111 (2008)




Coupled Cluster Approach

m exponential Ansatz for wave operator

|l|J) — élq)o) — e7’\'1+7,\'2+7A'3+---+7A'A|<I>0)

m 7, : npnh excitation ("cluster") operators

m similarity-transformed Schrodinger Equation
ﬁl@o) = AE|®y) , T = e‘TFINoeT

m 7 : non-Hermitian effective Hamiltonian
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Coupled Cluster - Equations

m CCSD: truncate T at 2p2h level, T=T1 + 1>

m obtain the CCSD equations by projecting #|®¢) = AE|®g) onto
{120), 1% =alail®o), |82°) = a'afaaileo) |

AEYN = (do| 7L|do) = (¢o| Ano(T2 + T1 + 572) |do)

= (99| A |po) =TI o = (99| Ano(L + T2+ T1+ T1T2 + 572+ 573) | do)
= (00| H|po) = TH csp = ¢ab|HNo(1+T2+ sT24+T14+ 11T

14> 1424 1= 1+
+§T1+§T1T 3_T +ET1)|¢O>C
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°Q: I'T-NCSM vs. Coupled-Cluster

NN-only

IT-NCSM

LT

Il CCSD

-140}

-150}

I;I i -

()

E i

L -160: . .
L 31+ A -

2 4 6 81012141618 16 14 12 10 8 6 4 2
Nmax €max

® Y 3 A o HO basis

a=0.04fm* o=0.05fm* a=0.0625fm* o =0.08fm* E3max = 14

A=2.24fm ! A=211fm ! A=2.00fm! A=1.88fm!
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°Q: I'T-NCSM vs. Coupled-Cluster

-130

NN+3N-inducednozs

! ! ! ! ! ! ! ! !

IT-NCSM { CCSD

! ! ! ! ! !

2 4 6 81012141618 16 14 12 10 8 6 4 2
Nmax €max
) 4 A ] HO basis

a=0.04fm* o=0.05fm* a=0.0625fm* o =0.08fm* E3max = 14

A=2.24fm ! A=211fm ! A=2.00fm! A=1.88fm!
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°Q: I'T-NCSM vs. Coupled-Cluster

NN+ 3N-fullyoas
_120L IT-NCSM [ CCSD
=130} I
)
=,
140/ r .
*
L 4k A A .
L 4k . . .
-1507¢ T :
2 4 6 81012141618 16 14 12 10 8 6 4 2
Nmax €max
) 4 A ] HO basis

a=0.04fm* o=0.05fm* a=0.0625fm* o =0.08fm* E3max = 14

A=2.24fm ! A=211fm ! A=2.00fm! A=1.88fm!
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°Q: Coupled-Cluster with 3Nyo2s

50 NN only NN+3N-induced NN+ 3N-full
®
100 e 1 :
“‘jfi?ii“fi\ e
— ALY
>-120/e i i S | A -
= | N | & B S
— Exp. S
- A T LD G S S SS S
o cesp Firtis
e e e AQ = 20 MeV
A e, e e — e =
160F Y eeee —} F3max =14 i :
_ A A A A —
TR R R Rl —

2 4 6 8 101214 ©2 4 6 8 1012 14 ©2 4 o6 8 10 12 14 o
equ emax emax

® ¢ A o HO basis

a=0.04fm* o=0.05fm* a=0.0625fm* o =0.08fm* E3max = 14

A=2.24fm ! A=211fm ! A=2.00fm! A=1.88fm!
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°Q: Coupled-Cluster with 3Nyo2s

50 NN only NN+3N-induced NN+3N-full

-100+ .

Tie 80

—
N
=
o
ot
4
®C0

__________________________________________________________________________________________________________
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m
X
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il
3
i

1 CCSD [ i* o
1 hO S 2o : : '
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P T Tl .~ to“Heground stay, ]
2 4 6 8 101214 ©2 4 6 o —<"8 10 12 14 o

O - ——————

€max €max €max

o L 4 A u
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A=2.24fm ! A=211fm ! A=2.00fm! A=1.88fm!
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40: Coupled-Cluster with 3Nyozp

NN only NN+3N-induced NN+3N-full

! ! ! ! ! ! ! ! T ! ! ! ! ! ! !
i
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bee
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o 00]
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(12 X
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. .

e I CCSD
.

2201 A e ®eee —i AQ = 20 MeV i e
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m A A A ]
240! - A A& — 1L .
_ CoEmemem —|
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“Ca: Coupled-Cluster with 3Nyo2s

- NN only NN+3N-induced NN+ 3N-full
-3001 1l i 1t % 1
) e : :____________:"_"!i':-';;x'-:.-:;-;.-:-‘-;;;;-;.-:- B | — D S e
350 i Exp. |l ° § ...... 8 @ e
400} 1 e :
a Il Ae
=407 . il CCSD T =2 $3 88—
W 500t 1L hQ =20MeV 1L '.zzz —
e O 1l E3zmax = 14
-550+ .. %@ 1t :
[ A , $ee0—
600k = A A A A — 1t 1
_ e .mwA —
_650 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 4 6 8 1012 14 ©2 4 6 8 10 12 14
equ emax emax
o L 4 A O
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A=2.24fm ! A=211fm ! A=2.00fm! A=1.88fm!
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®Ca: Coupled-Cluster with 3Nyo2s

NN only NN+3N-induced NN+3N-full
-300} 1t 1| O] |
i’“‘:“f‘%?:;:g. %}f{{:},
400 (SN 6 e v S PN
EXp.
2-500} 1 1 e |
= CCSD IR S
W o AQ = 20 MeV Ae
-600¢ g i Esmax = 14 | mtie g .o _—
e o DS T . —
e — e o
-700¢ A“*--;""’ ..... o oo — ]
B A A A A — Medium-Mass Nuclei
goob— . Towmewew L accessible with NO2B
2 4 6 8 101214 ©2 4 6 Approximation - What can
Emax € be done better?

O 2 X

a=0.04fm* a=0.05fm* oa=0.0625fm* oa=0.08fm*

A=2.24fm ! A=211fm™! A=2.00fm™! A=1.88fm™?!
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Coupled Cluster Method
with Complete 3N Interactions

Binder, Langhammer, Calci, Roth — in prep.

most of the work

done by Sven
\Bilfy




The CCSD3B Equations

m the CCSD equations with complete 3N read

3N _ AENN Van(T:T 153
AEN = AEYN + (@0 Was(T1T2 + 5,73) |@0)

0=TMN ___+ (2% W3p(T2+ %f_f +T1T2 + %fﬁ + %ﬁ)

1,CCSD
1/\2/\ 1 /\4
+5T2T2+ 5573)|®0) ¢

0=THN oo+ (@00 Wap(Fy + T2 + 372+ 1 Ty + 372 + 173

2,CCSD
142+ 14+ +2 1 44 1 +5
+5T2To+5TaT5 + 517 +5737) |<1>0>C

e all new contributions stem from Wsg

m we developed an efficient code to solve the CCSD3B equations in
the spherical scheme

m calculations use a Hartree-Fock single-particle basis and refer-
ence state
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CCSD with Complete 3N Interaction

160

—_—
—_—

hQ =20 MeV

initial 3N with

®41 A=400MeV

complete / NO2B
®/0O a=0.02fm*
®/0 a=0.04fm*
A/A a=0.08fm*
HF basis
E3smax =12
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CCSD with Complete 3N Interaction

NN+3N full

4OC3.
hQ = 24 MeV

initial 3N with
N =400 MeV

complete / NO2B
®/0O a=0.02fm*
®/0 a=0.04fm*
A/A a=0.08fm*
HF basis
E3smax =12
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CCSD with Complete 3N Interaction

NN+3N induced NN+3N full

soni | initial 3N with

complete / NO2B
®/0O o=0.02fm*
®/0 a=0.04fm*
A/A oa=0.08fm*

_550 1 1 1 1 e 1 1 1 L HF basis
4 6 8 10 12 4 6 8 10 12 Esmax =12

€max €max
m CCSD calculations with inclusion of complete 3N interactions
for medium-mass nuclei feasible

= benchmarking various approximation schemes for 3N interac-
tions in this mass range possible

m ground-state energies: deviation between normal-ordered two-
body approximation and complete 3N treatment = 1%
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E [MeV]

Frequency Dependence

-170

10}
420}
430}
440}

450t

initial 3N with
N =400 MeV

agreement of NO2B and

i >

complete 3N on 1% level /

Further improvements?

| ACCSD(T) tripel /
\=> , (T) tripels /

1'530 complete / NO2B

-460

hQ [MeV]

24 28
hQ [MeV]

®/0O o=0.02fm*
®/0 a=0.04fm*
A/A a=0.08fm*
HF basis

E3zmax =12
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NACCSD(T) with 3Nno2B Interaction

E [MeV]

E [MeV]

116}
120}
-124}

-128F

145}
155k
165

175]

132}

NN+3N induced

NN+3N full

160
hQ =20 MeV

1 Accsp(T) / ccsp

initial 3N with
N =400MeV

o =0.04fm*
a=0.08fm*

®/0

A/l A

HF basis
Esmax = 14
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NACCSD(T) with 3Nno2B Interaction

E [MeV]

E [MeV]

-320

330}
3401
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360}
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380}

360
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400}
40F
40|
460}

NN+3N full

4OCa
hQ = 24 MeV

48Ca
hQ = 28 MeV

initial 3N with
N =400MeV
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NACCSD(T) with 3Nno2B Interaction

NN+3N induced NN+3N full
_350_ 7 ) I I I I I I 1 I I I I I I I _ . - .
| 56N _. initial 3N with
-400 } hQ = 28 MeV | A =400MeV
> ' '
Q I
= 450|
& ' ]
: 1 ACCSD(T) / CCSD
-500f 1 ®/90 a=0.04fm*
_ I | A/A o =0.08fm*
_550 1 1 1 1 1 1 1 1 1 1 1 1 1 1 HF basis

6 7 8 9 10 11 12 6 7 8 9 10 11 12 g —14

emax emaX

m ACCSD(T) with 3Nno2B currently our best calculation, since
NO2B approximation is 1% accurate

m we find: softer interaction = less tripels corrections

m our results prove the predictive power of chiral interactions in
the medium-mass range

e interaction fitted entirely in three- and four-body system
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Conclusions — Medium-Mass Nuclei with 3N

m inclusion of complete 3N interaction in CCSD calculations for
medium-mass nuclei feasible

= benchmark of various approximation schemes possible

m Normal-ordered two-body approximation of 3N
e accurate on 1% level also in medium-mass nuclei

e best calculation ACCSD(T) with 3Nno2B

m Work in progress:

uncertainty quantification for all "truncations’,

l.e. dependence on eMax, hQ, Esmax, SRG through o variation,
cluster-order through ACCSD(T)
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Soft Interactions in Many-Body
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MBPT °Li: Soft Interaction, but...
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Padé Resummation

oL

hQ =20 MeV

4 8 12 16 20 24 28 4 8 12 16 20 24 280 4 8 12 16 20 24 28
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®[L/L] ®[L/L+1] A[L/L-1]

[Langhammer, Roth, Stumpf - arXiv:1209.1305]
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Spectra
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Spectra
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Epilogue
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