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Nuclear Landscape

Calculate the properties of thousands of strongly-interacting
nuclei from underlying forces
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e Multi-scale
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» Multi-scale
 strong interactions
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* Multi-scale
 strong interactions

e 3-body forces o't
Three-body force m: !

From Wikipedia, the free encyclopedia

— 160, dimension

- 2-body interactions
——- 3-body interactions
---- 4-body interactions
—— A-body nteractions

A three-body force 1s a force that does not exist in a system of
two objects but appears 1n a three-body system. In general, if the
behaviour of a system of more than two objects cannot be
descnibed by the two-body interactions between all possible 1000

number of nonzero matnx elements
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pairs, as a first approximation, the deviation 1s mainly due to a N_.
three-body force.
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Multi-scale

strong interactions
3-body forces

Most are open-shell
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In-Medium SRG for
Closed-Shell Systems

H. Hergert, S. K. Bogner, S. Binder, A. Calci, J. Langhammer, R. Roth, and A. Schwenk,

Phys. Rev. C 87, 034307 (2013)
K. Tsukiyama, S. K. Bogner, and A. Schwenk, Phys. Rev. Lett. 106, 222502 (2011)

S.K. Bogner, R. Furnstahl, and A. Schwenk, Prog. Part. Nucl. Phys. 65 (2010), 94
S. Reimann, S.K. Bogner and M. Hjorth-Jensen, in preparation




jon Group

The SRG Tower of Babel

1) Hamiltonian Flow

)
2) Continuous Unitary Transformations (CUTSs)
3) Numerical Canonical Diagonalization
4) Isospectral Flow

) -
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ization Group

Basic Concept

continuous unitary transformation to drive Hamiltonian to band-
or block diagonal form (Glazek and Wilson, Wegner)

e evolved Hamiltonian
H(s) = U(S)HUT(S) = Hy(s) + Hoy(s)

s = continuous flow parameter



ization Group

Basic Concept

continuous unitary transformation to drive Hamiltonian to band-
or block diagonal form (Glazek and Wilson, Wegner)

e evolved Hamiltonian

H(s) = U(s)HUT(s) = Hy(s) + Hou(s)

e flow equation:

SH) = [0(s) HS) . (s) = T4 Ul s) = ()




lization Group

Basic Concept

continuous unitary transformation to drive Hamiltonian to band-
or block diagonal form (Glazek and Wilson, Wegner)

e evolved Hamiltonian

H(s) = U(s)HUT(s) = Hy(s) + Hou(s)

e flow equation:

SH) = [0(s) HS) . (s) = T4 Ul s) = ()

e choose 7(S)to drive H(s) to desired form

eg. n(s) =[Ha(s), Hoa(s)] = lim Hog(s) =0

S— 0O



lization Group

Original Motivation: Decouple low- high-momentum
modes to “soften” nuclear interactions (Free-space SRG)

n(s) = [T, H(s)]

N =g 1/4

like a floating UV cutoff

Drives H towards
diagonal in k-space
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Original Motivation: Decouple low- high-momentum
modes to “soften” nuclear interactions (Free-space SRG)

Exercise:

Estimate how the size of the s.p. basis scales with A. Given
this, estimate the size of the Hamiltonian matrix for 160.

Hints: 1) The basis must be sufficiently extended in space
to capture the size of the nucleus (R ~ 1.2A"3 fm).

2) The basis must be sufficiently extended in
momentum to capture the size of the cutoff A in

the Hamiltonian.

3) Use a phase space argument to get # of sp states
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Original Motivation: Decouple low- high-momentum
modes to “soften” nuclear interactions (Free-space SRG)

Exercise:

Estimate how the size of the s.p. basis scales with A. Given
this, estimate the size of the Hamiltonian matrix for 160.

Answer: # of s.p. states D ~ /\3A

Dim(H) = # of A-body Slater determinants
= DI/(D-A)!/A!

e.g., forA=4.0 fm?' Dim(H)~ 10"  Strong incentive to lower Al
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e SRG is a unitary transformation in A-body space

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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e SRG is a unitary transformation in A-body space

e up to A-body interactions are induced during the flow

M _ ([ ata, Y alatas], Yalatas] + .. = Y alatalaas ..
2—body 2—body 3—body

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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e SRG is a unitary transformation in A-body space

e up to A-body interactions are induced during the flow
aH

v =[[>ala ) alalaa], Y alalag] +... = > alalalaag + ...

2 _body 2 _body 3—body

e 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;
Roth et al., PRL 109, 052501)

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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e SRG is a unitary transformation in A-body space

e up to A-body interactions are induced during the flow
aH

v =[[>ala ) alalaa], Y alalag] +... = > alalalaag + ...

2 _body 2 _body 3—body

e 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;
Roth et al., PRL 109, 052501)

Need to go (at least) to 3-body level to get A independent results,
INn some cases even this is not enough (Roth et al., PRL 109, 052501)

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



medium evolution

Free space SRG: V(A)on fixed in 2N system
V(A)sn fixed 1n 3N system

V(A)an fixed 1in aN system

Use T + V(A)n + V(A )sn+ ... + V(A )N in A-body system

In-medium SRG:
evolution done at directly in A-body system.

Different mass regions => different SRG evolutions

inconvenience outweighed (?) by simplifications allowed by normal-

ordering
17



e second quantization: A" =a] ...al a...a

1

e particle- and hole density matrices:
M= (O|Af|®) — ndf, nk€{0,1}

&=\ — §f — S = —(1 — K)o

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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e second quantization: A" =a] ...a] a,...a,

e particle- and hole density matrices:

M= (O|Af|®) — ndf, nk€{0,1}

& = N —of — ko = —(1 — ng)oF
e define normal-ordered operators recursively:

Al it = AL TN AR+ singles
+ (M — X Aj?) Ak"’ k. 4+ doubles + .
e algebra is simplified significantly because
Ki...K
<<I>‘ :A,11...,NN : |<I>> =0

e \Wick’s theorem gives simplified expansions (fewer terms!)
for products of normal-ordered operators

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



miltonian

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




amiltonian

Normal-Ordered Hamiltonian

1 1 y ’
H:EO+Zf,":A5<;+ZZrﬁQn :Aﬁn:+% > WA
ki
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2- O - 00 - O0)

SN G)
: : two-body formalism with

f = +

[ = >< + ~In-medium contributions from
Wody interw
W = >< Normal ordering w.r.t. Hartree-Fock solution
for complete NN(+3N) Hamiltonian!



Hamiltonian

Normal-Ordered Hamiltonian

RN
IM-SRG(2): Truncate H(s), n(s) to T @

~normal ordered 2-body terms | |
two-body formalism with

[ = /\ + In-medium contributions from
\ three-body interactions

W = Normal ordering w.r.t. Hartree-Fock solution
for complete NN(+3N) Hamiltonian!
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2p-2h 1p-1h Op-0h

3p-3h

1p-1h

2p-2h 3p-3h Op-0h 1p-1h 2p-2h

IH )

Op-Oh
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2p-2h

3p-3h

<i‘H(o<>) j>

alm: decouple reference state
(Op-0h) from excitations

Hog = {fhp' fph' r[l:ﬁ: ' I_ZZ;}
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3p-3h

Op-0h 1p-1h 2p-2h 3p-3h
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N3LO, A =2.0fm '.epy.y = 8
non-perturbative

resummation of MBPT series
(correlations)

off-diagonal couplings
are rapidly driven to zero



uations

0-body Flow ~ 2nd order MBPT for H(s)
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) O(NP®) scalin
2-body Flow (before pa(;tig)lelhole disgtinction)
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+ many more ...



E [MeV]

-310

-320

-330

-340

-350

-360

-370

I Nuclei Y

H. Hergert et al., Phys. Rev. C 87, 034307 (2013)

NN + 3N-ind.

> @ H <

T 3
Ca40

E3 Max=14 -
710=28 MeV

A[fm™ ]

—~ NN g
© oI

. |
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10
SMax

12

—
I

Bare N3LO(500) NN-only

v

Free-space SRG (NN + 3N-induced)

\

Normal-order in HF basis

v

IM-SRG(2) calculation

<~ CCSD/A-CCSD(T), A = oo, G. Hagen et al., PRL 109, 032502 (2012)
'] A-cesD(M),A=1.9-22fm™ ", S.Binder et al., arXiv:1211.4748 [nucl-th] & PRL 109, 052501 (2012)



I Nuclei Y

H. Hergert et al., Phys. Rev. C 87, 034307 (2013)

NN + 3N-ind.
! ' ' ' ™ Bare N3LO(500) NN-only
~310 Ca40-
! E3 Max=14 i
- h1=28 MeV ] *
~320| 4
i A[fm 7] 1
: D
_330 s 22 O Free-space SRG (NN + 3N-induced)
- e 20 |
> . A 1.9 7
TR :
! N Normal-order in HF basis
~360| H|E
By i
_ —p |2
-370[- . l
— 5 75 =™ ~glculation

IM-SRG(2) typically tracks

<+ CCSD/A-CCMCSDm results
] A-ccspm,x=19-2. th] & PRL 109, 052501 (2012)




Wegner |

White (J. Chem. Phys. 117, 7472)

rPP

fP
”_E: A ) AP +H.c.
{ E, — Ep Epp' — Epp hh
pp’hh’

Ep — En,Eppr — Epp @ approx. 1p1h, 2p2h excitation energies

g.S. energies (S — o0) for both generators agree within a few
keV (measure of truncation error)
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emax=4 emax=5 emax=6 emax=/ emax=8

IM-SRG —@— —Il O A W
| IM-SRG' -—©-- -{7-- —G— "A" - N/-= |

-26.5

Generator 1

27
—. CCSD(T)

2751

Ground-state energy [MeV]

_ N | | | | il | | | | i
8576 20 24 28 32 3616 20 24 28 32 36
ho [MeV] ho [MeV]

[K. Tsukiyama, S. K. Bogner & A. Schwenk, Phys. Rev. Lett. 106 (2011), 222502
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emax=4 emax=5 emax=6 emax=/ emax=8

IM-SRG —@— —I O A WV
| IM-SRG' =-©-- -f5-- -O- -Ac- -Nf-F——

-26.5

Generator 1

27
—. CCSD(T)

2751

Ground-state energy [MeV]

g5l '
16 20 hgf[MzeSV] 32 Energy is nearly identical

|
[K. Tsukiyama, S. K. Bogner & A. Schvve\nk,\h-.,i)r both generators/




n: Quantum Dots
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N=6, w=0.28 N=12, w=1.0
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Curiosity: higher accuracy than CCSD (both n® methods)

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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MI=0 Ms=0 excited states in 2d Quantum Dots

I 1 ' | ! . ’ | . ! '
CoOn loln pIn 2PN

DpCh
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Eneray
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5 —
o = » A
_-——--——----—---—---——--———-————--
1 | | 1 3 | 1 | L
0 5 I 15 20 25 30

Fliow Parumeaer (<

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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MI=0 Ms=0 excited states in 2d Quantum Dots

] I 1 I | I ] I 1 I 1
OpOh 1plh 2p2h 3p3h
235+ Opoh - TDA
w/bare
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- -..-;I_Pi'.-..-'._..-..-'._'.-'.-292.h - —_—
)
s 23 —
L":
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—— NCSM
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0 5 10 S 20 25 30

Flivw Marasaistise {0

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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1 l 1 l ] ] | | I 1 I 1
OpOh 1plh 2pzh ip3h
e e e e e e et — .. TDA
23.5 &k w/bare
coulomb
TDA with
i H(s)
—_— oA . Y A4 4
5 k
D 23
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FCI
2251 NSCM
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() 35 () 15 20 25 30
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Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



IJ

)
.

v

Energy

IJ
v
.

states

MICHIGAN STATE

UNMIVERSITY

-

5

-

OpOh 1plh

2p2h

3pzZh

OpOh

1plh

TDA

TDA (decouplell ground state)

2p2h

3p3h

— — — — — — — — — — — — — — — — — — — — — — — — — — —

NCSM

TDA [fully decoupled)
| 1

(0

10 20 30

or Dnuen

s b -\

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



Difficulties...

23.1

23

22.9

228

22.7

Energy

22.6

22.5

224

22.3

22.2

Energy of a Single Excited State

! ! ) ' ! ! |
TDA
Bare FCI
2 Dressed FCI _

Ground State Decoupling Excited State Decoupling

| N |

1 1 L 1 1 1 1

0 2 - 6 3 10 12 14 16

Flow Parameter (s)

Over-rotation of H(s) in excited state decoupling?

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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OpOh lplh 2p2h 3p3h

Improved TDA calculation

2s1d0g
f ‘ 1plh
p { (1{ 1p0f
| 1504 2p2h
—————————————————————————— VALENCE CUT

L '/{ & 0p
————————— e e § 3p3h

/l{ ————_— s

/

Smaller definition of off-diagonal leads to stable convergence

- -
— — —
- —

od . 1y : . £ -
H : {.‘/(I"l’ [(Ih/,/h. Il)l)/,/h. rhphlhﬂ} .ttt | —-p——- | —a—a——-

OpOh 1plh 2p2h 3p3h
A more minimal definition can be constructed using conserved quantities P P P P

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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I T I T | T |
weee TM-SRG Ground State

w== [M-SRG Excited States
25 \\ — = Full Configuration Interaction |
\-—m

/I

Energy (Hartree)
I
()

I ! I ! I ! I
0 2 - 6 8

Flow Parameter (s)

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



IM-SRG for Open-Shell
Systems

K. Tsukiyama, SKB and A. Schwenk, Phys. Rev. C 85, 061304(R) (2012)

SKB, H. Hergert, J. D. Holt, A. Schwenk, S. Binder, A. Calci, J. Langhammer, and R. Roth, Phys. Rev.
Lett. 113, 142501 (2014)

H.Hergert, S. Binder, A. Calci, J. Langhammer, and R. Roth, Phys. Rev. Lett 110, 242501 (2013)




 Two possibilities

1. Use IM-SRG to derive effective hamiltonian/operators for

valence shell model calculations [K. Tsukiyama, SKB, A. Schwenk
PRC 85, 061304 (2012)]

2. Solve open-shell directly with IM-SRG with suitable
open-shell reference state (Multireference)

 Number-projected HFB state

H.Hergenrt, S. Binder, A. Calci, J. Langhammer, and R. Roth, Phys. Rev. Lett 110,
242501 (2013)
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2v-0h 29-0h 3p-1h 4p-2h

>

&k
S
3 A

non-valence
c particle states 9
o
S D ——
N
valence
= particle states
a 1
-------- e T

- hole states
N h ——0—
& (core) 0p-0h
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2v-0h 29-0h 3p-1h 4p-2h

>

&k
S
3 A

non-valence
c particle states 9
o
S D ——
N
valence
= particle states
a 1
-------- e T

- hole states
N h ——0—
& (core) 0p-0h

(i H])
PHeprP|V) = (E — E.)P|y)
Solve SM
Previously, Hett from MBPT
problem

Can we use the IM-SRG to do this?
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2v-0h 29-0h 3p-1h 4p-2h

>

2v-0h

29-0h

3p-1h

4p-2h

<i‘ H ‘/> Diagonalize in SM code </| H(oco) ‘l>
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2v-0h 29-0h 3p-1h 4p-2h

>

2v-0h

29-0h

3p-1h

4p-2h

v
<i‘ H ‘/> Diagonalize in SM code </| H(oco) ‘l>

e use White-type generator with off-diagonal Hamiltonian
i TR AR N N AN

V" hh'> vv/

} & H.c.
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SKB et al., arXiv:1402.1407

R 4 i [ 1 | I | I | ] O i 1
% [ . () - 10 - ]
=N 1 20 h
) 0 ] 230 __ __
5| 1 S30¢ ]
g T ] =0 -
o 4 — >.-50 —
.,T-:) i i &0—60 N N
5 i | = - e Exp. i
ag _8 = . = _70 __ ..... NN __
T [ —— NN+3N-ind . -80 = — — NN+3N-ind ~
& | —— NN+3N-full ] -90 = — NN+3N-full -

ol by qoolo ot v 11ty 1]

16 18 20 22 24 26 28 16 18 20 22 24 26 28
Mass Number A Mass Number A

NN + 3N-ind = N3LO(500) NN, SRG-evolved to A, omits induced 4N

NN + 3N-full = N3LO(500) NN + N2LO(400) 3N, SRG-evolved to A,
omits induced 4N
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SKB et al., arXiv:1402.1407
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- Importance of 3NF’s
- No need for extended valence space (a-la MBPT)
- weak fw dependence (20-24 MeV)
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SRG (Heiko’s talk)

e |IM-SRG Shell model approach gives easy access to
spectra, odd-nuclei, intrinsic deformation, etc., but limited
by cost of diagonalization

e |s it possible to use IM-SRG directly to solve for open-shell
systems?

Yes! Provided we use a reference state that’s
appropriate for an open-shell nucleus.

HFB ground state is a superposition of states with different
particle number:

2 .
W)= > oalva), [Uw)=pulw)=5- [ dsetEM|w)
A=NNE2,... 2m Jo



n-Medium SRG &
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e generalized normal ordering & Wick theorem for arbitrary
reference state (Kutzelnigg & Mukherjee)

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

i = N0 L el e GO
ol = MK NN 1 ALK 4 permutations

Imn Imn

e additional terms in normal-ordered operators:
AN = AT T AR 4 singles
(XA = A + W‘z) Aleky . doubles + .

e additional contractions, e.qg.,

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

. A o0 A « - Amn . Acd .
. pabc kim | abm . aACkl
'Adef . Anop )‘dop 'Aefn y

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



Equations ﬁ

MICHIGAN STATE

0-body flow:

dE 1 o
g5 = 2 (na =) (1f7 15 ) 3 (g — r280g2) mameen
ab abcd
1 d
P () sy X (i - )
abcd abcdklm

1-body flow:

:sz = Z (n;fza a772> + Z (nbl_ 577521) (Na — Np)

a

t5 Z ( M2 — 2)?:77[2)5) (NaNpnc + Nanpnc)
abcdef

d rla, d b ria, b

v 2 (g —riege) g+ Y (wiarss - rhents) N
abcde abcde

1 d la cd b rla b

2 (anrC — T2b7lae ) ) Z (77 - 2?)77012) de

abcde abcde

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



0-body flow:

3_5 = Z(”a — Np) (77b
b

Equations

§\| r
*‘5

\.1||:| HGAMN STATE

b _
fa — 5775) T 4 Z (ncdr rf;gnacg) NaNphNcng

42( de

abcde

) (Uzb er F;Z Uacg )

+§X@r ~ 13183 ) (na — p)

1a bc S =
bc772a) (NaNpnc + Nanpnc)

1a de be 1a be
bc772a) o T E ( bc772d) od
abcde
bc 1a bc ac
2 E | (77 2b77de) de
abcde

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13



Equations ﬁ
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2-body flow:

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

‘2 Z (i3T5 — T28n88) (1 = na — 1)
+ Z(na — o) ((mgras — Tigns) — (vEsTia — aanis) )
2-body flow

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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0 . . . . . . I I 0 . . . . . . | |
% NN + 3N-ind. "0 [ ® NN + 3N-full (400) "0 .
—25¢ Esmax=14 - —25¢ Esmax=14 -
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_50} _50}

. —75- . —75-
> - > -
) O
= | = |
Ly —100F Ly —100F
- exp. [
_125} P _125}
| ® IM-SRG | ® IM-SRG
—150[ —150[
_175} | | | _175} | |
10 12 14 10 12 14 16
A A

e ref. state: number-projected Hartree-Fock-Bogoliubov vacuum
* results (mostly) insensitive to choice of generator for same H°“

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13
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—25)
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~100f
~125}
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~175}

> <4 H @

NN + 3N-full (400) "0

IM-SRG
IT-NCSM
CCSD
A—-CCSD(T)

10

12 14

e ref. state: number-projected Hartree-Fock-Bogoliubov vacuum
* results (mostly) insensitive to choice of generator for same H°“
 consistency between different many-body methods

Scott Bogner - Michigan State University - NUCLEI Collaboration Meeting, Indiana University Bloomington, 06/25/13




Solving the IM-SRG
equations via the Magnus
ExXpansion

Titus MO”'iS, N. ParzuchowskKIi and sks, in preparation
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ary transformation directly? ‘\
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AU i
=nUs = Us = Sexp (/ 775/d8/>
0

ds
= 1—|—/ nS/dS’—I—/ 773// ne ds'ds” + . ..
0 0 0

Impractical due to S-ordered exponential

Would need to store 1, at all s values

How to apply it to transform H (and other operators)?



ransformation directly? "\

Magnus ExXpansion w. Magnus. Comm. Pure and Appl. Math., VII:649-673, 1954.

Us = exp(s)
Qs 1 1 _\ B
ds — 773"‘5[987778]_I_E[QS)[Q&T]SH T :];) L a’dQ (778)

adi(n) = [Q,ady ™ ()] By, = Bernoulli numbers



y transformation directly? "\

Magnus ExXpansion w. Magnus. Comm. Pure and Appl. Math., VII:649-673, 1954.

Us = exp(£s)
dS). 1 1 — By, k
— s T =182, M5 — 19, [£26,Ms = —-ad s
= et 5 Q0]+ [ [0 na]] + ;k!ags(m
adi(n) = [Q,ady ™ ()] By, = Bernoulli numbers
1
Hy, = exp(Qs)Hexp(—Qs) =H + [Qq, H) + 5 Q5. [Qs, H]| + ...
1
Os = exp(Qs)0exp(—Ns) =0 + [Q,0] + 5 Q5,[Q2,0]] + ...



tion of IM-SRG(2)

H,  ns,$) truncated to N-ordered 2-body terms
dS) 1 1

— ns—l_§[Q8’n8]23+E[Q&[QSanSbB]ZB"‘”’

ds

H

1
H+[Q, Hlop + 5 [Qsa [QsaH]ZB]ZB + .-

Truncate infinite Magnus and BCH commutator series numerically




lon of IM-SRG(2)

H,  ns,$) truncated to N-ordered 2-body terms

df) 1 1

ds = MNs T §[Q87778]QB - E [Qsa [Q87n8]2B] 2B T "¢

1
Hs H‘I‘[stH]QB‘l‘§[Q37[Q,97H]2B]ZB‘|‘“'



ntation of IM-SRG(2)

H,  ns,$) truncated to N-ordered 2-body terms

df) 1 1

ds = Ts + 5[987778]23 + E [Qsa [Qsans]2B] oB + ¢

H

1
H+ Q,, Hlop + 5 Qs,[Qs, Hop|op + -+

What makes this better than “usual” approach of
solving dH/ds?

1) Reduced stiffness, decreased sensitivity to time-step error
2) Transformed observables at little extra cost (memory)

3) Computationally-feasible approximations to IM-SRG(3)
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E (Hartree)

1

' A'SS=O.%%O' steps ——
% =0.0 1 steEs e
dH AS=0.005 1000 steps —

dS = [nS’ HS]ZB i

N=14 -

Basis size = 114

FCIQMC Resultm\

L

1

1

=

0 0.5

1

1.5 2 2.5
Flow Parameter s

3.5

3d electron gas (box w/PBCs)

IM-SRG(2) equations solved by
naive 1st-order Euler method

Need small step sizes to
control error

In practice: higher-order
adaptive ODE solver



E (Hartree)

. by
Qs = Z Tl adxkls (s)
k=0

N=14
Basis size = 114

ﬁﬁq

FCIQMC Result'"

3 3.5 4

0 0.5 1 1.5 2 2.5

Flow Parameter s

s}\l.r
R

MICHIGAN STATE

\\\\\\\\\\

3d electron gas (box w/PBCs)

Magnus IM-SRG(2) equations
solved by naive 1st-order Euler

method

Independent of step
size!

Converges in 9 steps (vs ~ 1000)



It’s ok to make a sloppy (e.g., 1st-order Euler) calculation
of Qs

Q, = Q74 + AQ,
HE™Mr = exp(Q) H exp(—Q,) # HI™e

Nevertheless, HEVer and H'"® unitarily equivalent to each
other (and to H)

Only requirement is that stepsize decreases strength
of HOP
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e |[M-SRGQG is an efficient new Ab-initio framework suitable for
closed- and open-shell medium-mass nuclei

4 scales like CCSD, tracks more closely to CCSD(T) in wide range of systems
4 new method for deriving shell model interactions from “first principles”

4 easy access to spectra, odd-A, intrinsic deformation,..

4 competitive with usdb interactions in Oxygen, Fluorine, Neon

4 extendable to operators (e.g., neutrinoless Bp)
4 multi-reference IM-SRG using HFB reference state

4 cheaper alternative to SM for even-even groundstates

4 Oxygen, Calcium, Nickel chains using chiral NN + NNN

4 extension to excited states/odd-A on the horizon



