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In-Medium Similarity Renormalization Group (IMSRG)

H(s) = U(s)HU(s)

- )
—= = [7(s), H(s)] =1
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In-Medium Similarity Renormalization Group (IMSRG)

trangpoitrerlnr)a/ntion e} (S) = U (S)H U T(S)
S 25 = ) HO) =
¢ (s) \
H=H'+H" H%(s) - 0

0

U(s)
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In-Medium Similarity Renormalization Group (IMSRG)

trangpoitrerlnr)a/ntion H (S) — U(S)H UT(S)
an
b H(s)
Vagnus — Us) = €2 H=H"+ H" H(s) = 0
H(s) = e“*He™

0

— H+[Q, H]+§[Q, Q. H + ...

U(s)

Find €2 by iteration, or flow equation
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Magnus IMSRG
U(s) = ™™ Q) =1

Flow equation for Magnus operator: @ — Z ﬁ[g, W](k)
ds - k!
=n + =[n.Q] + —[Q.[Q7]] + ...
H* (a| H*| b)
White’s generator: 3 = aln|b) =
A < (alH|a) - (b| H| b)
_ T od
n=-—n (ab| H®| cd)
g (bl edy = —— d
Q=—0 (ab| H|ab) — (cd| H®| cd)
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Magnus IMSRG H = H"+ H"
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Magnus IMSRG
H(s) = e*®He )

= H+ [Q,H| + %[Q, €2, H]] + %[Q, 1€, [, HI]] + ...
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Magnus IMSRG
H(s) = e He ™90

= H+[Q,H] + %[Q, [Q, H]] + %[Q, [Q, [Q,HIT + ...

"ok WV
D ++

2.2y [2.2]y [2.2], (2.2
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Magnus IMSRG
H(s) = e He ™90

= H+[Q,H] + %[g, [Q, H]] + %[Q, [Q, [Q,HIT + ...
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The IMSRG(3f,) approximation

[Qa [Qa H]] — [Qa [Qa H]LZ](),I,Z 1 [Qa [Qa H]3]1,2 1 [

\ ) 0 ) -

2)  IMSRG(3f)

~ N scaling

QIH315.4
Q)
Q

> N’ scaling

Ragnar Stroberg University of Notre Dame He and SRS, PRC (2024)



Ragnar Stroberg University of Notre Dame



9. | | | |
— o The IMSRG(3 mat
8 - AC —e— |IMSRG(2) e 2 apprOXI a IOn
. —=— IMSRG(3f,)
S 6 5
S5 i
g i
| 4%
> i 17.5 - 0+ 1 2C
2 ! 2
. | , : , + +
8 16 24 15.0 - s 47 41 o S— glr
47 0 =03 0 2
4.0 | 17 0
AS : ' 2 + + + 17
3.0 i %
> [
% 5. i = 10.0 ~
W50 | -
S ¥4 i 7.5 -
1.0' i \ +
o | 504 —— 2] N N N
26 34 42 2% 27 27 27 27
| 254 -87.39 -81.9 -83.22 -83.22 -83.18 -85.24
! (-1.76) (-1.39) (-1.39)
5- E I I I | T T
— : N N S \
D 4 | Y \& ”;@ i \Q%v ’bé\
s . o <V O < A C
w0 | N Q & foéo C? c,Q‘O
B i S N - & N
2. — N N
1- | B.C. He and SRS PRC 110 044317 (2024)
48 56 64 72 best
o calculation
Ragnar Stroberg University of Notre Dame



(o))

E (MeV)

N W B

e ——————————————————————

— EXp.
—eo— |[MSRG(2)
—a— |MSRG(3f5)

24

3.0

2.5

E (MeV)

1.0~

34

42

48

Ragnar Stroberg

56

64

-_______}__________________

72

The IMSRG(3/f,) approximation

4% :
I . 1 2
17.5 ()§ : (:::
E : 4%: 47
£ - 2
1y : : s
12.5 : : 14 1
= 10.0 - - -
w E : :
3 : E
5.0 :2} . .
: : 27 27
254 -87.39 : :-83.22 -85.24
E - (-1.39) :
N\ E N E Y E 6 \¢) /\\
o F 1 1 ¥ A Ol
E @(,)Q‘ : @\x - G)Q‘o - éo (’)$ Q~O\
=\ . - 20
csssssEmmmmnEs r O)QS? :@ :I‘< Q~<9 \@(’)
D tessssssssms :
AN
B.C. He and SRS PRC 110 044317 (2024)
best
calculation

University of Notre Dame




o7 i % q - : Hu+ arXiv 2606.22341
Theory to theory benchmark ) - x 1 165F v -
: - PN N L] O
in a large-space calculation e e 1 B
—28 11 B N
_ % 1 1.60 'y FANE
_50 = - .
- X 1 240 oo -
8Be TR R ——— _ v
s - - A il
—9d -4 2.20 F —
- D -
—80 1 2.40 _ i
o : \ 4
e R Al Sl .""*&&""[j'_
‘ * 1 2.20 F .
~100 - X 1 % 1 NNLOopt €,,,,=10
16 - Expt. ) \ A
O : g N < =
~130 oo %" % ! AN
i X 2.3 - )
$3 MBPT(2) A IMSRG(2) 0 CCSD ® NCSM

% MBPT(3 IMSRG(3f,)+T M CCSDT-3 ¢ FCIQMC _,
A <——~106 CPU hr

N
S~—— <200 CPU hr

Ragnar Stroberg University of Notre Dame 10



Ragnar Stroberg

But what is the 3/, correction doing?
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Topological coherence
=—>enhance triple connections

o 2
Aii ™ 2 Qiachbcai - Z ‘Qiabc‘
l abc abc
coherent
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Topological coherence
=—>enhance triple connections

l' |

a A
- 2
! Aii ™ Z Qiachbcai - 2 ‘Qiabc‘
; l abc abc
coherent

Wil this help us predict other important diagrams?
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Can we understand this pattern?

—-90
O 160 €max =9, hw =16 MeV Nominal _
_914 MBPT 1.8/2.0(EM) ominat expansion
J 1 parameter:
S |
~ _122 :
> |
ok ®--—-—-----""""""
L —124- Smallness of 4th order
LI correction appears to
Y -126- | depend on approximate
5 cancellation of terms that
) —128- are not small.
=
= -
e —130 - N
G (39 distinct 4th
—132 | I | | | | | I ! .
e oo hh oh SDT 6 order diagrams)
MBPT(2) MBPT(3) MBPT(4)
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Diagram contribution (MeV)

g Uy e ffe

> | Singles: -0.0906 Doubles: -1.7675 Triples: -2.9749 Quadruples: 3.575

° I'1 I |
| i

—2 A 160, emax=9
MBPT2 Energy = -33.340854

MBPT3: pp = 0.419302, hh = -2.223272, ph =-0.798104 31 32

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
4th order diagram number
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g Vg e e

1 Singles: -0.0906 Doubles: -1.7675 Triples: -2.9749 Quadruples: 3.575

Triples dominated by
2 of the 16 diagrams

Diagram contribution (MeV)

...and we can 7
understand why. Q(}*&Q

|
0 :
Qgg » O‘ ﬁ
jef 159

MBPT3: pp = 0.419302, hh = -2.223272, ph = -0.798104

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
4th order diagram number
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g Vg e e

| Singles: -0.0906 Doubles: -1.7675 Triples: -2.9749 \[ Quadruples: 3.575

Triples dominated by

2 of the 16 diagrams

Diagram contribution (MeV)

| [T [ II || l
Wi

...and we can
understand why. el

|

0 - _
] v L
=0 s " Q @Q Q v

MBPT3: pp = 0.419302, hh = -2.223272, ph = -0.798104

@ Large cancellation
between big triples and

big quadruples. Can
1 2 3 A 5 6 7 8 o 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 we UnderStand th at?

4th order diagram number
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Q{} Triples Quadruples b

Pauli-violatig diagram.
Coherently suppresses
MBPT(2) excitations.

2nd order 1b propagator.
Coherently enhances
MBPT (2) excitations.

NB: In infinite matter, these two topologies are individually
divergent at the fermi surface, and must be combined to yield a

finite result. For A # O they do not formally cancel.
Ragnar Stroberg University of Notre Dame 16



Magnus IMSRG
H(s) = e He ) J——

1 f//// N
= H+ [Q,H] + E[Q, (€2, HT A €2, €2, [£2, H]]]

-
=
_
-~ _ _, = = =
- e _— . <3
- e = = —
= - - ——

Largest contribution to H
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Magnus IMSRG
H(s) = e®$He %O P

1 f/// TN
= H+ [Q,H] + E[Q, (€2, HT A €2, €2, [£2, H]]]

Largest contribution to H

<>Q -
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Magnus IMSRG

H(s) = e®$He %O S
1 / f/// N\
= H+ Q. H] + [, [QHI {1,120 [, HIII

Largest contribution to H

Q(

Biggest 1b terms correspond to
enhanced energy diagrams
with a single line cut.

Ragnar Stroberg University of Notre Dame 17



Ovpp decay

O(s) = Opp+ [Q, O]+ 5[, [Q, O] + ..

What should we expect from the 3f2 correction?

O
pp
Q """ : reduce @ﬂﬁ Q ---------

Ragnar Stroberg University of Notre Dame

reduce correlations,
including pairing



Ovpp decay

O(s) = Opp+ [Q, O]+ 5[, [Q, O] + ..

What should we expect from the 3f2 correction?

O
pp
Q """ : reduce @ﬂﬁ Q ---------
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reduce correlations,
including pairing
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In the 4th order energy, the reduced binding from the 3f2 correction
IS approximately offset by the binding from triple-excitations.

[Q39 H3]() """

Will there be be a similar effect in Ovf5?

- .O Maybe not. @ﬁﬁ does not

contribute to €2.
H is special in that way.

University of Notre Dame
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Benchmarking in light nuclel

0.75F+ 220>22Ne 1 W IMSRG(2)
IMSRG(31>)

B IMSRG(3N/)

4 1l IMGCM

- CCSDT]1

- NCSM

_ IT-NCSM

Vv Parent ref.

A Daughter ref.

0.30 -

calculations performed
I I I I

53 4 6 8 1'0 79 by Alex Todd

€max
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Are we capturing deformation effects?

H—-H+y0Q-0

FCI IMSRG FCI VS-IMSRG

Nmax =0 Nmax =2 Nmax =4 IMSRG(2) IMSRG(3f2) IMSRG(3n7) Nmax =0 Nmax =2 Nmax =4 IMSRG(2) IMSRG(3f2) IMSRG(3n7)
. @@ N e
1 | 1 1 I 1 1 I I 1 | 1 1 | 1 1 _70 1 | I 1 | I I 1 1 | I 1 | I 1 |
| 2?Ne I | ot i1 -
—_170 L . e — 1 L 1 > 00 L g —m—-—m] [ i
& e =T EFTE TE = < e —w—a e —a—a g | 1
~140 | {1 " & 110} | | pimam T TR T e —
1 1 1 1 1 1 1 1 1 1 1 1 1 1 : : m 20
] | ] 1 I ] 1 I I ] | ] ] | _l20 Ne N N B
% _l}{(} 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 120
20 N .
LU G X v 4 F ./A/ R
NQJ . A/
— .-"- R A .
o ~ o F Y /."/
= & or oy 1t e :
— D I \ - /‘r.
PlQ‘J m | 2 A v ‘_..—-—'r
é\ n O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Q - 08 | 1t -
] E
_ 2 06 F -
-~
=
L 20 20 i
- 4 ““Ne — “"Mg

-100 -7.5 50 =25 00 2.5 5.0 5 -100 -75 50 =25 00 2.5 5.0 1.5

X X

Ragnar Stroberg University of Notre Dame



Ragnar Stroberg

Summary

We have a systematically improvable method, though
we’d like to improve more efficiently.

We predicted what part of 3f2 would be the biggest,
and what its sign would be. The size of the correction is
slightly larger than our rough estimate based on
comparison with IM-GCM.

A more thorough investigation is ongoing,

decomposing how the pieces of 3f2 act for Ovff3, and
how further corrections might act.

Next step: valence 3N operators.

University of Notre Dame
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