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Overview

m Lecture 1: Hamiltonian

Prelude e Many-Body Quantum Mechanics e Nuclear Hamiltonian e Matrix Elements e
Two-Body Problem e Correlations & Unitary Transformations

m Lecture 2: Light Nuclei

Similarity Renormalization Group e Many-Body Problem e Configuration Interaction e
No-Core Shell Model e Basis Optimization

m Lecture 3: Medium-Mass Nuclei

Normal Ordering e Coupled-Cluster Theory e In-Medium Similarity Renormalization
Group e Many-Body Perturbation Theory

= Project: Do-It-Yourself NCSM

Three-Body Problem e Numerical SRG Evolution ¢ NCSM Eigenvalue Problem e
Lanczos Algorithm

m Lecture 4: Precision, Uncertainties, and Applications

Chiral Interactions for Precision Calculations e Uncertainty Quantification e
Applications to Nuclei and Hypernuclei




No-Core Shell Model

no-core shell model is

straight-forward and powerful ab initio approach for
light nuclei (up to A=25)

m solve eigenvalue problem of Hamiltonian represented in model space of HO
Slater determinants truncated w.r.t. HO excitation energy Nmaxh{2
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No-Core Shell Model

no-core shell model is

straight-forward and powerful ab initio approach for
light nuclei (up to A=25)

m solve eigenvalue problem of Hamiltonian represented in model space of HO
Slater determinants truncated w.r.t. HO excitation energy Nmaxh{2
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Beyond Light Nuclei

advent of novel ab initio approaches

targeting the ground state of medium-mass nuclei
very efficiently/

m idea: decouple reference state from particle-hole excitations by a unitary or
similarity transformation of Hamiltonian
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Beyond Light Nuclei

advent of novel ab initio approaches

targeting the ground state of medium-mass nuclei
very efficienV

m idea: decouple reference state from particle-hole excitations by a unitary or
similarity transformation of Hamiltonian

Tsukiyama, Bogner, Schwenk, Hergert,...

m In-Medium Similarity Renormalisation Group: decouple many-body
reference state from particle-hole excitations by SRG transformation
e normal-ordered A-body Hamiltonian truncated at the two-body level
e open and closed-shell nuclei can be targeted directly

Hagen, Papenbrock, Dean, Piecuch, Binder,...

m Coupled-Cluster Theory: ground-state is parametrised by exponential
wave operator acting on single-determinant reference state

e truncation at doubles level (CCSD) with corrections for triples contributions
e directly applicable for closed-shell nuclei, equations-of-motion methods for open-shell



Normal Ordering




Particle-Hole Excitations

m short-hand notation for creation and annihilation operators

.l.
a; = Qg a; = afn

m define an A-body reference Slater determinant

_ — atat...At
|®) = |o103...04) = a,a; aA|O)

and construct arbitrary Slater determinants through particle-hole excitations
on top of the reference state

Py — T
@y =0a,a,]®)

PAy _ ot ot
19 5) = a,0,0,0, |®)

index convention: 4a,b,c,... : hole states, occupied in reference state
p,q,r,... . particle states, unoccupied in reference states
i,j,K,... . all states



Normal Ordering

m a string of creation and annihilation operators is in normal order with respect
to a specific reference state, if all

» creation operators are on the left
« annihilation operators are on the right

m standard particle-hole operators are normal ordered with respect to the vacuum
state as reference state

T o T T T TAT
a;a;, a; 0, a0k, Q; 0 0 AnAmay, - .

m normal-ordered product of string of operators

j' . Clma;.r} = sgn(m) qTqT e AnQm

{a,a i 9

m defining property of a normal-ordered product: expectation value with the
reference state always vanishes

(®]{...}[®)=0



Normal Ordering with A-Body Reference

m in particle-hole formulation with respect to an A-body reference Slater
determinant things are more complicated

particle states hole states
: T At
creation operators A, Agr - Qg, Ap, .-
T + .1
annihilation operators dp, Ag, ... a,, Oy, ...

m redefinition of creation and annihilation operators necessary to guarantee
vanishing reference expectation value

(®[{...}|®)=0
m starting from an operator string in vacuum normal order one has to reorder to
arrive at reference normal order

» "brute force” using the anticommutation relations for fermionic creation and
annihilation operators

» "elegantly” using Wick’s theorem and contractions...




Normal-Ordered Hamiltonian

m second quantized Hamiltonian in vacuum normal order

1

H = y Z (ij] Tine + Vi |k0) a o oy + - normal-ordered two-body

approximation: discard residual
normal-ordered three-body part

J 3
ijkl 1

® hormal-ordered Hamiltonian with respect to reference sta /

H=E+ Z fl {Cl Qj} + — zkl: r {aTa 0k } + 36 24 Vv - .

1 1
E == (ab|Tint+ Van lab) + = > (abc| Vay |abe)
2 ab 6 abc
. 1
fi= ;mmmt + Vi laj) + 5 %(abile labj)

M, = (0] Tint + Vi 1k0) +Z aij| Vsy |ak)

ik
Imn —

Wimn = (Uk|Van [Imn)




Coupled-Cluster Theory




Coupled-Cluster Ansatz

m coupled-cluster ground state parametrized by exponential of particle-hole
excitation operators acting on reference state

Wee) =exp (M) |®) =exp (T1+T2+:-:Ta) |9)

m with the n=-particle-n-hole excitation operators with unknown amplitudes

Ty= ) tP {afaq}

ap
pg
To= > to {afalapaq}

_ab,pq

m need to truncate the excitation operator at some small particle-hole order,
defining different levels of coupled-cluster approximations

T1 CCS
T1+T> CCSD
T1+T>+T3 CCSDT



Coupled-Cluster Equations

m insert the coupled-cluster ansatz into the A-body Schrodinger equation and
manipulate

Hint |Wce) = E [Wee) = exp(—T) Hintexp(T) |®) = E|®)

to obtain Schrodinger-like equation for a similarity-transformed Hamiltonian

H |P) = E|P) with H = exp(—T) Hintexp(T)

m note: this is not a unitary transformation and therefore the transformed
Hamiltonian is non-hermitian

= as a result approximations will be non-variational

m similarity transformation of the Hamiltonian can be expanded in a Baker-
Campbell-Hausdorff series, which terminates at finite order

= CCSD with a two-body Hamiltonian terminates after order T4



CCSD Equations

m project the Schrodinger-like equation onto the reference state, 1plh states, and
2p2h states to obtain CCSD energy and amplitude equations

(®|H |®) = Eccsp
(9P| 7|®) = 0

pq _
(®°9)7418) = 0

m after BCH- expansmn these are coupled non-linear algebraic equations for
the amplitudes t b and the CCSD energy

m for large-scale calculations use spherical formulation, where particle-hole
operators are coupled to J=0

m full CCSDT is too expensive, various non-iterative triples corrections are
being used to include triples contributions

m coupled-cluster with explicit 3N interactions can be done and was used to
test the NO2B approximation



CCSD Equations for Amplitudes
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Coupled Cluster: Pros & Cons

much more

interaction

efficient than ph- :
can deal with
truncated CI explicit 3N

size | _
extensive very mild

scaling with A

only for
not closed shell
only for

other ground states
observables *
difficult |
non-hermititan

* equations-of-motion methods give
access to near-closed-shell isotopes
and excited states




In-Medium SRG




Similarity Renormalization Group

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

continuous unitary transformation to
pre-diagonalize the Hamiltonian with respect
to a given basis /

m consistent unitary transformation of Hamiltonian and observables

Ha —_ UaTH Ua Oa —_ UaTO Ua

m flow equations for Hqe and Uq with continuous flow parameter a

iy [Na Hal e [Na, Oal “ 0 U
do a = LlNa, Na do a = LNa, Ya do a = alla

m the physics of the transformation is governed by the dynamic generator nq
and we choose an ansatz depending on the type of “pre-diaognalization” we
want to achieve




Decoupling in A-Body Space

m partially diagonalize Hamilton matrix through a unitary transformation and
read-off eigenvalues from the diagonal
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= continuous unitary transformation of many-body Hamiltonian
Ha —_ UaT H Ua

morphs the initial Hamilton matrix (a = 0) to diagonal form (o — )



Decoupling in A-Body Space

m partially diagonalize Hamilton matrix through a unitary transformation and
read-off eigenvalues from the diagonal

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

0p-Oh
0p-Oh

1p-1h
1p-1h

2p-2h
2p-2h

3p-3h
3p-3h

\/ \/

= continuous unitary transformation of many-body Hamiltonian
Ha —_ UaT H Ua

morphs the initial Hamilton matrix (a = 0) to diagonal form (o — ©0)



In-Medium SRG

Tsukiyama, Bogner, Schwenk, Hergert,...

Op-Oh 1p-th 2p-2h 3p-3h
> Op-Oh 1p-1h 2p-2h 3p3h

>

0p-Oh

0p-Oh

use SRG flow equations for
normal-ordered Hamiltonian to decouple
many-body reference state from
excitations

1p-1h

1p-1h

2p-2h
2p-2h

3p-3h

3p-3h

® flow equation for Hamiltonian

d
gH(S) = [n(s), H(s)]

® Hamiltonian in single-reference or multi-reference normal order, omitting
normal-ordered 3B term

H(s)—E(s)+Zf(s) {afoj} + = Z r(s) {afalaiax}

ljkl




In-Medium SRG Generators

m Wegner: simple, intuitive, inefficient
n=[Hq, H] = [Hd,Hod]

m White: efficient, problems with near degeneracies
Ny =(83)7" mAz f} = [1 2]

N35 = (A35) 71 N1nan3fa T35 — [12 < 34]

m Imaginary Time: good work horse [morris, Bogner]
N3 =sgn(A3) n1fz fy — [1 2]

N35 =SaN(A32) n1naAzng M2 — [12 « 34]

m Brillouin: potentially better work horse [Hergert]
ny = (@|[H, {alaz}]]®)
ni2 = (¢|[H, {alalasaz}]|®)



Flow-Equations for Matrix Elements

dE b 1 . , o
E — Z(na — nb) (nta)fa _ gﬁg) + Z Z (nggrgb I’idngg) NaNpNcNg
ab abcd

9 =3 (g - 3772)+Z<77br it (n — o)

1 S — —_
t5 D (néirgé’ Féacn‘z’g) (NaNpfc + AaNpnc)

d 1 ,
2 Z ( gr ;gﬁgg) (1 — Ng — nb)

+ Z(”’a — o) (s — Tigns) — (vEria — onit) )
ab




In-Medium SRG: Single Reference

_100 :_I 1 LI 1 1 1 | L L _: 160
_105F - |
. chiral NN+3N
-110 - A3n=400 MeV
> . «=0.08 fm*
v -115 - hQ=20 MeV
E i Emax=12
W _120F -
] Nmax=0 reference
~125F - HF basis

F IT-NCSM, Nmax extrapolated

11 III 1 1 1 11 III 1 1 1 11 III :
1072 101 100
s [MeV™]

_135:| ||||||| 1 1 |||||||
10~* 1073

m zero-body piece of the flowing Hamiltonian gives ground-state energy
when full decoupling is reached

E(S) = (Prefl H(S) [ ®ref)

m truncation of flow equations destroys unitarity, induced many-body terms



In-Medium SRG: Single Reference

_100F = 160
~-105F =
- - chiral NN+3N
~110F - Asn=400 MeV
< - - «=0.08 fm+
v -115F - hQ=20 MeV
E _ N Emax=12
W _120F E
C ] Nmax=0 reference
~125F . HF basis
- IT-NCSM, Nmax extrapolated ]
-130F T =
Y ——

Hamilton
matrix in
Nmax=2
space




In-Medium NCSM




Multi-Reference In-Medium SRG

Hergert, Gebrerufael, Vobig, Mongelli, Roth,...

decouple reference state from
excitations by a unitary transformation of |
Hamiltonian and otheW

m idea: use multi-reference formulation of IM-SRG to decouple reference
space for rest of model space, i.e., block diagonalize A-body Hamiltonian

dH - H
. (s) =[n(s), H(s)]

—_—




In-Medium NCSM

NCSM
reference state

/

MR-IM-SRG
decoupling

/

NCSM
many-body solution

ground-state from NCSM at small Nmax as
reference state for multi-reference IM-SRG

access to all open-shell nuclei and
systematically improvable

IM-SRG evolution of multi-reference normal-
ordered Hamiltonian and other operators

decoupling of particle-hole excitations, i.e.,
pre-diagonalization in many-body space

use in-medium evolved Hamiltonian for a
subsequent NCSM calculation

access to ground and excited states and full
suite of observables




In-Medium NCSM: Flow Evolution

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)

_60 :_I I | L I I I | L I I I | L I I I | L I I I | L _: 1 2C
~-65F E :
. 1 chiral NN+3N
-/0F E A3n=400 MeV
= - ’ x=0.08 fm*
o -/5F E hQ=20 MeV
— C ] Emax=12
3 = Nmax=0 reference
-85 - IEES_ML anai Sx_trf Eo_la_te_d ___________________ 3 HF basis
-90F -
_95 :_I 1 L1 11 II 1 1 1 _:
Hamilton
matrix in
Nmax=2

space




In-Medium NCSM: Flow Evolution

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)

E [MeV]
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In-Medium NCSM: Flow Evolution

E [MeV]

E [MeV]

-150

-160

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)

'|""#"Q|"'>'|""|"#'

m NCSM convergence is
drastically improved

m Nmax=0 eigenvalues
deviated from E(s)

!

chiral NN+3N
A3n=400 MeV
«=0.08 fm*
hQ=20 MeV
€max=12

HF basis

1 Nmax=0 reference state
1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII- NmaX=0’2’4’6’8

1074 103 1072 101 109



In-Medium NCSM: Flow Evolution

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)

_I 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 LI IIII l
-60 - :
Fo— 1 = NCSM convergence is
-65 = drastically improved
-70F; - .

_ 4 1 ® Nmax=0 eigenvalues

E’ -75F, E deviated from E(s)

u  -80fm— E .

n : 1 ® induced many-body
xSl e S Y« E contributions might
_90E E affect large-s results

__95 __I 1 [ IIIII [ [ [ [ IIIII [ [ [ [ IIIII [ [ [ [ IIIII [ [ [ L1 IIII__
110_I 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 LI | IIII i
o :
~120fe s
A E

= -130[ - chiral NN+3N

%) v 1 A3n=400 MeV

= L 1 «=0.08 fm4

W _140f! - hQ=20 MeV

| €max=12
p S S = S e 1 HF basis
[ 1 Nmax=0 reference state
- 1 Nmax=0,2,4,6,8
_160 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 1 IIIII 1 1 1 11 IIII max I I I I
10 10-3 1072 1071 10°
s [MeV1]



IM-NCSM: Oxygen Isotopes

-90

-100

-110

-150

-160

-170

¢ IM-NCSM

® NAT-NCSM, explicit 3N
® NAT-NCSM, NO2B

A0

o
|>

14

16

18

20
A

22

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)

= excellent agreement with
direct NCSM

s [M-SRG evolution limited to
J=0 reference states and thus
even-mass isotopes

= odd-mass nuclei via simple
particle attachment or
removal in final NCSM run

chiral NN+3N
NA3n=400 MeV
o=0.08 fm*
hQ=20 MeV
€max=12

HF basis
Nmax=0 reference




IM-NCSM: Oxygen Isotopes

Vobig, Mongelli, Roth; in prep.

—90 I I I I I I I I .
i | | | | ' | | ] = excellent agreement with
. B i direct NCSM
~100 AQ -
; {1 = IM-SRG evolution limited to
-1101 A ] J=0 reference states and thus
: ® ] even-mass isotopes
I ) = odd-mass nuclei via simple
S -130F 'i" . particle a_tta_chment or
Z, [ '*' ] removal in final NCSM run
Ly i i
-140p $ B
i X ]
-150 A IM-NCSM attached -‘- N chiral NN+ 3N
i 1 Asn=400 MeV
[V IM-NCSM removed -e ] 0=0.08 fm*
_160F @ IM-NCSM B 1 hQ=20 Mev
: . . _‘_ 1 emax=12
- ® NAT-NCSM, explicit 3N .!. 9 i
_170F @ NAT-NCSM, NO2B "' —  d HF basis
: 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 : NmaX:O reference

14 16 18 20 22 24 26
A




Flow: 2+ Excitation Energy

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)

6_I 1 LI 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 I “I IIII i
- 12 1 = excitation energies
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IM-NCSM: Excitation Spectra

Gebrerufael, Vobig, Hergert, Roth; PRL 118, 152503 (2017)
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In-Medium SRG: Pros & Cons

flexibility of
generators

much more

shell nuclei

efféuent thgncl:l')h- straight-forward ot
\runca < extension to open- L.

size
: | ' NO3B
extensive very mild |
J scaling with A needsy
work
hermitian .

Ha”i”joniy easy access to
other observables

bridge to

shell model




The Limits




Towards Heavy Nuclei - Ab Initio

E/A [MeV]

5E/A

-107

— O
» o U

Binder et al., PLB 736, 119 (2014)

CR-CC(2,3)
B NN+3N;,4 (chiral NN)
—dr _ ] NN+3Nfu|| (chiral NN+3N) 1
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160 36Ca 48Ca 54Ca 56Ni 62Ni 68Ni 885
240 40Ca 52Ca 48Ni 60Ni 66Ni 78Ni

Asy =400 MeV, a=0.08-0.04fm*, E3mex

r 1OOSn 1085n 116Sn 1205n
9OZr 1065n 114Sn 118Sn 1325n

=18, optimal hQ



Towards Heavy Nuclei - Ab Initio

Binder et al., PLB 736, 119 (2014)
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Open-Shell Medium-Mass Nuclei

E [MeV]

-500 |

-250
-300

-

-450
-500

-350
— -400

1 Asn

- Q | | | | | | | | | | | | | | -
— ‘:::“ ACa —
e )
'&' NN+3N;.q -
- E— (chiral NN) -
_ ?5251:. _
i O W _
. @0 MR-IM-SRG 0.5 0 0. .o @
=0 CR-CC(2,3) O g0
| | | | | | | | | | | | | |
| | | | | | | | | | | | | | |
@ ACa
- “it’ _ —
. NN+3Nqgy;
- e — (chiral NN+3N) -
- _
: N — _
e, T _
I 0. —_ )
. @O MR-IM-SRG @ _
i CR-CC(2,3) @O
| | | | | | | | | | | | | | |
34 36 38 40 42 44 46 48 50 52 54 56 58 60 62
A

Hergert et al., PRC 90, 041302(R) (2014)

m systematic MR-IM-SRG
study of even Ca and Ni
Isotopes

m excellent agreement with
best available coupled-
cluster results

m chiral 3N interaction
changes behavior at and
beyond >54Ca

=400 MeV

o - 0.04fm* (0)
0.08fm* (@)

E3max = 14, 16



Open-Shell Medium-Mass Nuclei
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Hergert et al., PRC 90, 041302(R) (2014)

m two-neutron separation
energies hide overall
energy shift

m compares well to updated
Gor'kov-GF results

[priv. comm. V. Soma]

m chiral 3N interaction
predicts flat "drip-region”
from 56Ca to 60Ca

all MR-IM-SRG

1 o - 0.04fm* (0)

0.08fm* (@)

1 E3zmax = 14, 16




Many-Body Perturbation Theory




The Many Lives of MBPT

m MBPT has turbulent history in nuclear structure physics

m key tool in the 1970’s...
e valence-space shell-model interactions from MBPT
e G-matrix, Brueckner-Hartree-Fock method

m great depression in the 1980’s...
e N0 convergence with interactions of the time (core, tensor part)

e intruder states and multi-reference character

m today MBPT is coming back as...
e auxiliary method (cf. importance truncation, natural orbital basis)
e stand-alone many-body approach (cf. this workshop)



Single-Reference

Many-Body Perturbation Theory




Textbook MBPT

m Rayleigh-Schrodinger perturbation theory with partitioning defined though
choice single-particle basis

Hx =Ho + AW Hol|®n) = €n|®n)

m power series for energy eigenvalues and eigenstates and expansion of state
corrections in unperturbed basis

E,=¢€p +AE,(,,1) +)\2E,(72) + ...

|L|J(P) Zc(P) 13,
Wn) = [@n) + A|WID) + A2 |wi2)) 4

m recursive relations for energy and state corrections depending only on matrix
elements of W in unperturbed basis

EP) = (@n|W|&,)CP Y
vV

1 1
CP) = (Z(<I>V|W|<I>V/ eV ZE(/)C(/O—/))

€En—€Ev \T;

m evaluated at the level of many-body matrix elements using NCSM technology




Convergence: Single-Particle Basis

Tichai et al., PLB 756, 283 (2016)
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Convergence: SRG Evolution

Tichai et al., PLB 756, 283 (2016)
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Low-Order MBPT

m switch to explicit expressions for low-order energy corrections involving
summations over m-scheme single-particle states, e.qg.,

1 <EF ZEF {ab| W |mn)|?

SR

a,b m,n

€a+€b—€m—€n

= |arge model spaces, truncated wrt. single-particle energy eémax
are easily accessible

m make use of angular-momentum coupling for closed-shell nuclei, reducing
summations to orbital indices

1 S€F Zer [(ab; JIW |mA; J)|2
£2) _ y\ 7\ 7\(2'/ 1) J J)
ab mn J €Eat€p—€Em—En

m» makes evaluation of sums much more efficient since coupled
matrix elements are directly available

m quickly gets tedious when going to higher orders...




Low-Order MBPT

Tichai et al., PLB 756, 283 (2016)
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m good agreement of MBPT(3) ground-state energies with advanced
coupled-cluster calculations throughout the complete mass range




Multi-Configurational

Many-Body Perturbation Theory




Multi-Configurational Perturbation Theory

Tichai, Gebrerufael, Vobig, Roth; arXiv:1703.05664

m select NCSM reference space M.ef and solve full eigenvalue problem

Wiy = > B 19y)
HEMef

m define unperturbed Hamiltonian with reference-space eigenstates

Ho= D et WEHWrel + > ey [9v)eyl
HEM ref VEM et

m usual MBPT derivation yields recursive relations for energy and state corrections

(P) — ref (p—1) (P)y — (p) pyref (p)
En - Z (wn (W[®v) Cn,v ILIJn ) = Z Dn,u |wu ) + Z Cn,vlq)V)
VEMyef HEMpef VEM et
cP) = 1 ., IWI|d C(p—l) &, |wlwrefy plp—1) $ EWclp=)
= | 2 (@vIWIeW) CU T+ D (@ IWIWED DIPTY - B (EDCES
n V NV EMer HE M et J=1

1 p . .
(p) — ref (p—1)y _ WD =)
D) = en—eu((w“ Wip) - > Dol )




Convergence: Reference Space

S L B B B B L ) S e B B L B L L

[ 1+ Ground State ) ?
-28f 5 E ]9
- 1 Of ERES

B . S‘ o ]
_ i ] A ®)
v -29F s -1F ¥ T
= [ - 1
= : :%L] —2=E E: )
o 300 > I 1z
Lo -3F ERS
- - sl
_31F -4k 6L TG
- ] <
_5 >
EI ] ] |3 ©

:Q%::: o e L e Lo @ e e e e S ===

3+ Excited State ) i £
ERC=
-26[ . E ] o~
Ot ES
_ > F 1w
> 27 s -1f 15
3 = ]S
£ 3 -2F 4 1
2 -28 u - = I

W o i ]
S -3F ERPN
: =
-29 -4F ¥ ;
- =

-5
_30L EI. | | | Ll | |3
0 5 10 15 20 25 30
order p




Perturbatively Improved NCSM

Tichai, Gebrerufael, Vobig, Roth; arXiv:1703.05664

e eigenstates from NCSM at small Nmax as
NCSM unperturbed states
many-body solution e access to all open-shell nuclei and
/ - systematically improvable
e multi-configurational MBPT at second order for
MBPT individual unperturbed states
convergence booster e capture couplings in huge model-space through

/ perturbative corrections




Oxygen Isotopes

Tichai, Gebrerufael, Vobig, Roth; arXiv:1703.05664

—90_ l [ ' [ ' | ' [ ' I ' I ' | b
i _'_ ) = excellent agreement with
i i direct NCSM
~100 AQ -
1103_ SUPUPIINEMOPOS—— = all isotopes are accessible
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Oxygen Isotopes: Excited 2+ States

E*(2+) [MeV]
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Tichai, et al.; in prep.

= can address excited states
natively

= example: first 2+ states in
even oxygen isotopes

= excellent agreement among
methods except for closed
(sub-)shells 220, 240...

chiral NN+3N
NA3n=400 MeV
«=0.08 fm*
hQ=20 MeV
Emax=12

HF basis
Nmax=2 reference



Exploring sd-Shell Phenomena

Tichai, Gebrerufael, Vobig, Roth; arXiv:1703.05664
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Overview

m Lecture 1: Hamiltonian

Prelude e Many-Body Quantum Mechanics e Nuclear Hamiltonian e Matrix Elements e
Two-Body Problem e Correlations & Unitary Transformations

m Lecture 2: Light Nuclei

Similarity Renormalization Group e Many-Body Problem e Configuration Interaction e
No-Core Shell Model e Basis Optimization

m Lecture 3: Medium-Mass Nuclei

Normal Ordering e Coupled-Cluster Theory e In-Medium Similarity Renormalization
Group e Many-Body Perturbation Theory

= Project: Do-It-Yourself NCSM

Three-Body Problem e Numerical SRG Evolution ¢ NCSM Eigenvalue Problem e
Lanczos Algorithm

m Lecture 4: Precision, Uncertainties, and Applications

Chiral Interactions for Precision Calculations e Uncertainty Quantification e
Applications to Nuclei and Hypernuclei




