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MSU Year 3 Accomplishments

New development: In-medium SRG

- st tests in infinite matter and light closed shell nuclei

DME for chiral EFT NN and NNN completed

— analytic expressions for all couplings
- codes available

- fully automated (symbolic tools)
e more complicated terms (N3LO NNN, NNNN, ...)

Improved DME for vector part completed
- parameter free

- relative errors reduced by factor of 5-10

Validation of DME against exact HF in-progress

- role of self-consistency, exact Hartree



Normal Ordered Hamiltonians

H = Zt|a ai + — Vj(kl)a aj ajax + 3GZV(3) aT Takanamcu

[ ijklmn

Normal-order w.r.t. some reference state ¢ (e.g., HF) :

1
H = Eyac +ZfiN(aiTai) + erijkl N(aafarax) + ZW.,mmn N(adfafanamar)
Eyvoe = (OH|D)
fi = tu+ Z ih|Va|ith) np + = Z (ihh'|V3]ihh") npnp:
hh/
Dijiw = (if|Valkl) + ) (ijh|Vs|klh) ny
h

O-, 1-, 2-body terms contain some 3NF effects thru
density dependence => Efficient fruncation scheme
for evolution of 3N? 3



In-medium SRG for Infinite NM

e Normal order H w.r.t. fermi sea

® Choose SRG generator to eliminate “energy off-diagonal” pieces

P 1), H ) Jim Tog(s) =0

| = [f,T] (12|Tpq|34) = 0 if 15 =34

¢ Truncate flow equations to 2-body normal-ordered operators
- dominant parts of induced many-body forces included implicitly

H (00) = Eyqae(o0) + f,i(oo)N(aTai)Jri Ta(00)]s;mN (alalaay)

1

E’UCLC(OO) — Egs
fr(o0) — e (fully dressed s.p.e.)
'y(o) — f(K', k) (Landau q.p. interaction)

Microscopic realization of SM ideas: dominant MF + weak A-dependent NNest
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In-medium SRG Equations Infinite Matter

O-body flow
d 1+ " #o o
geEvac =5 Tij = Tw () ]! KI)|*nin;ngn;
ikl

1-body flow

d o _
T = et Rl (o + i)

interference of 2plh 2hlp
self-energy terms




In-medium SRG Equations Infinite Matter

2-body flow
dl’
(125 130) = —(f12 — f3)2(12AT34)

1
+ 3 > "(f12 + s — 2 o) (12|T]ab) (@bT[34) (1 — ng — np)
ab

+ Z[(f 1o — Tap) — (Fap — F4a)] (12|T|3b) (R2|Ta4) (N, — Ny)

ab
— f —fgb 1b_f4a 2a|F|3b b1|F|a4 ng —nb)

xiémﬁ

Note the interference between s, t, u channels a-la Parquet theory




SRG is manifestly non-perturbative
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SRG is manifestly non-perturbative

e 5K



SRG is manifestly non-perturbative

+ many more ...



In-medium SRG in nuclear matter

In-medium SRG evolution truncated at normal-ordered NN level

Symmetric Nuclear Matter
O T | T | T | T | T | T

i 1
kF =14fm

= e

N’LO(500)

* HF approaches BHF

_or | at lower A (weak correlations,
> _ i

) B mean field becomes exact)
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e \-dependence weak (dominant
many-body forces kept by normal

25— -

ordering).

_30 | | | | | | | | | | |

A [fm ]

* Neglected ph channel

10



In-medium SRG in neutron matter

In-medium SRG evolution truncated at normal-ordered NN level

Neutron Matter
16 T | T | T | T T T

1
kF =1.35fm

= e

N’LO(500)
14 N * HF approaches BHF

HF at lower A (weak correlations,
BHF mean field becomes exact)

E/A [MeV]
o
|
|

AND

e \-dependence weak (dominant
many-body forces kept by normal

ordering).

* Neglected ph channel
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In-medium SRG: rest of year 3 and year 4

e Infinite nuclear/neutron matter
- inclusion of ph-channels
- pairing (N-order w.r.t. BCS)

® Finite nuclei (Koshiroh Tsukiyama, SKB, A. Schwenk)
- closed shell nuclei

- non-perturbative calculations of valence SM Heff
and Ocgsr
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What's missing in Skyrme?

Density dependencies too simplistic (integer powers)
Isovector components not well constrained (no pions)

Whats the connection to many-body forces? E.q.,

spin-orbit too simplistic (at microscopic level NN is short-
ranged while NNN is long-ranged)

v

Use DME to build missing finite range
NN + NNN pion exchanges info Skyrme
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Local EDFs from Many-Body Theory

e Dominant MBPT contributions take the form
<V> ~ T&'1'1‘&'2/dR'dI'12 drsy ,0(1‘1,1'3) K(rlg,r34) p(r27r4) + NNN ...

e Density Mafrix Expansion (Negele & Vautherin)

CU R Cr R Srl ) = (k) (O (R))

n

10,,(R)" = [p(R),#2p(R),7(R), J(R), ...
e Maps MBPT info a Skyrme-like EDF

V)~ S [ ROMRION®R) [ det (k) (ke Var(r) + 3N

Finite range V <==> novel density dependent couplings
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Including Long Range Chiral EFT in Skyrme-like EDFs

DME functional from chiral NN + NNN at HF level

! ™ W
Elpl = dR  APPpi+ APTpgrq+ AP2PpaApg+ AYVPVPN pgVpg + -
q

Chiral EFT NN + NNN interactions DME at HF level still

relevant since higher
orders MBPT (G-matrices)
“heal” at long-distances

V:Vct(A)+V1W+‘/éW+

Y

Each coupling function splits into 2 terms

1) Skyrme-like coupling constants from contact terms
2) p-dependent coupling functions from pion exchanges

APTL O APTA) + AP e
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Including Long Range Chiral EFT in Skyrme-like EDFs

NN 3N 4N

® DME coupling functions

from finite range NN and NNN /A

e Refit Skyrme coupling H H

constants (EFT constraints => = .............................. ............................. .......................

naturalness, A-dependence, etc.)

N’LO ﬂ?(%) }

® Look for improved observables
and for sensitivities

+ N B
L N X E [ X N ] E L N X ]
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Nothing crazy with prelim. NM/surface refits... (Marios talk)

W(p)
L - - sLy4
50
r DME: LO
——— DME:LO+NLO
40 -

—— DME: LO+NLO+N2LO

NOTE: No inclusion of

N2LO NNN contributions

CI )€kt , u=

After refitting surface parameters to 7 nuclei

Nucleus
10

40 Cr a
“SCa

% Nq
llH)S"‘
l:{'_’Sn

208 Pb

EXP
127,619
-342.052
415.991
~483 992
-824.795

-1102.851
-1636.431

DME

- -127.415

-342.289
-416.017
-481.657
-826.733

-1103.669

-1635.462

SL\’_; :’:::la-.tn-'f oS ‘:;'; ll)

¢ x =334

- 1 2.%;10(\) { ’i'(',' 052
-344.257 Gl 861,052
R Cth -1064.273
-417.907 ot i
183.355 oy 24657
-483.355 i e
% N LAY

'828.()2) ('."'-\“ T6.99G
-1103.538 o) g 15.6571
- civ 92.25
-1635.666 s o

kr(R)

T

DME — 1O
-727.123
174 897
612,114
-U5. 73
33 380
32403
0.306200
-09.7904
15,087
99.066
-10.695
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AP[MeV-fm’] , A”® [MeV-fm’]

Long-range pion exchange contributions to the EDF

400 T TIYTII T L TTIT' T LB TTTTI' T T 200 1 I lllll' I T T IIIII' T T T Illll'
_ pp I — LOA™ l
_ - tg im 150 -~ LO Ag‘*“’;’ -
s _— pAp
300 "Xy — NLO AP? m | NLO Agradp
RN __ pr £ 100 ~~ NLOA -
i NN ~NLOAT £ — NNLO A"
v N - Q - == ]
200 [~ \\\\\ = E | -
NN e e ———
L \ 18 0 mmmmmmmmmmmm oo .
\\ Tg& i ]
100 \\\\\\\ -1 8 501 |
B -100 - / i
0 o . h _
llllll ] 1 1 llllll 1 L 1 llllll\\\ -150 llllli 1 | 1 llllll 1 1 | llllll
0.001 0.01 0.1 0.001 0.01 0.1
P P

Longest range V <==> Strongest density dependence in EDF

Novel density-dependencies in EDF from 1w and 2w exchanges:

. . 1 ‘
[)7/3, ,04/33 [)2/3, WZOQ(I—I-C,OQ/‘;),
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DME for chiral NNN force (N2LO)

® Expect interesting spin-orbit/tensor couplings from TPE

01 aq102 dqz2 FoB_a_p + perms

Ve(d71, 92, ! T
c((h q2 Q3) (q%ij?gT)(q%ij?gr) 12371 72
, C,.C4,C, terms
Oéﬁ n C]_m 7 06/8’}/
Fa3 0ag [#4 72 + QFOH aCI2] + FG T4 03 a((h $ OIz)

® Complexity explodes (symbolic tools developed by B. Gebremariam)

.. 1 . L
(¥3”,\' Adiny - = 5'1‘1'1'1'1'2'1'1'3/dﬂdﬁdfs 0" (X1) 0(X2) 0°(X3) Vas(7a — 71, 73 — 1)

(Van ™) = —TriTroTrg /dFIdFQdFB 0' (X3, X1) 0%(Xs) 0*(X1, X3) Vs (7 — 7,75 — 71) Py
1 ' .
— 5 '1'1'1'1'1'2'1'1'3/(171(11 odr3 Y (X )Q{)(X:},XQ) QB(XQ, X3)V23('F_ — '_‘.1, -“3 — _"1)Peg3r
(Van =) = TryTroTrg /d71d7’>d73 0' (X2, X1) 0*(X3, X2) 0°(X1, X3) Vo (7y — 71,73 — 71) Py P35
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gORA2E _

/ d{ CE p3(F) + CE°% po() p3(F) + CE*S1 po() pi (7) <) (7)

+CEBAP 27 Apo(7) + CEPIAPE oo (7) py (7) A (7) + CEO% p3(7) <3 (7)

+CEIS0 p2(7) B(F) + CEP*ST po () pa (7) <2(F) + CEO° o(7) 50 (7)

+C2%% po(7) Jo(7) - Jo(7) + C&o% pu(7) To(F) - Tu(7) + €27 po(7) Tu(P) - Fu(7)

+CVR () TV - To(7) + GV R - RV - To() + NI Jy(7) L)V - T (7)

+CPPT8 Apo(7) Jo(7) - Jo(F) + €% Q(F) Jo(7) - Jo(®) + €70 G4(7) Tol(P) - Jo(7)

+CYPoToVI0 G po (7) Jo(F) Y - Jo(7) + €LYV o (7) [@z j{)(f‘)]g i CPoJoAJo po(7) Jo(7) - AJo(7)
FC A D) R + P Ap() To(7) T + G ) () - 7 F)

+CVp1J1VJo Vpi(7) - JU(F) Y - Jo(7) + CETA 4 (7) Ju(7) - AJo(F) + €27 2(7) Ju(7) - T (7)

+CY PV Gy (7) - To(7) V- Ti(7) + €8TV i ()Y - To(7) Y - Ti(7) + eI po(7) [V - (7))

0P () () - ATL(F) + OB po() () - AT ). o)

+ 4 other classes of similar terms

Looks ugly (or beautiful, depending on your view), but a regular structure
emerges:

C*[u)é6, , u= i) (note: u is NOT small)

T

Ck[u) = CH[u] + C7*[u] In(1 + 4u?) + CF*[u] arctan(2u),

C%[u] = polynomial .
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Accuracy of the NVDME - Scalar exchange

Fs_exoh(R. r) — /er [)q(r‘I ] r2)pq(r2. r1)

Fxact angle average NV DME
" 10 10
- 8 8
6F 6
P 3
§ =
15 !

R (fem)

* Scalar NVDME works pretty good for exchange
* What about spin-vector piece?
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Accuracy of the NVDME - Vector exchange
fer Sn(r1-. r2> ‘ Sn(r2- r1)

kExact angle average NVDME approximation
10 - !1(] 10 !1(}
8 - 8 & - 8
6 E 6 - GF
F] i i 5
4 . 4 -4k
2 s I» 2
0 0 O
& - U 2 = 6 8 10
B () k)

* NVDME neglects 2 key aspects of finite fermi systems
* anisotropy of local momentum distribution at the surface
* diffuseness of local momentum distribution at the surface
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Improved Vector DME

[dQ2rsp(re,r2) - sp(ro, 1rq)
l‘I}Cu.-:t angle average | PI-DME - ANI avg

l- 10 10

- 8

* Modified DME ("PI-DME") to include n(k,R) surface anisotropy

and diffuseness effects appropriate for finite fermi systems
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Look at [drdR Vi(r)sn(ri,r2) - sn(rz,r1)

25 6; M lK N 1 ' ] ' ' . - 16 4 d ] ' 1 . [ M 1 ' ' . (] ' ] ' [ M 1 ' 1 -
TN —a&— Exact
- NVDME "
50.5- —%— PI-DME 131 - I
X
o~ - - —~ - L
~15.4 = =~ 98
] U
2 3
~102 - = 66- -
o1- r 3.3~ r
00\ ' 00 ' ' o

v ' v ' 1 v ] ' r ' v | ' v | ] v ] ' ] v { ' |
114 118 122 126 130 134 18 22 26 30 34 38 42 46 50 54 58
Pb neutron no Cr neutron no

® Inclusion of finite fermi phase space effects crucial for quantitative agreement
® Now completely parameter-free (compare vs. last year)
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Finish and submit the backlog of (~5) papers

- phase space averaged Pi-function DME improvements (1)

MSU (DME) plans for rest of Y3 and Y4

NN and NNN DME couplings (2)

Mathematica (symbolic computational) tools (2)

Validate Pi-function DME against exact HF

role of self-consistency, exact Hartree

refit Skyrme + DME studies (W/ORNL)

sensitivity studies & systematics

naturalness constraints for refits

higher gradients

different choices of ki (T and V P dependence)

Extensions of the DME

pairing channel

beyond HF (proper treatment of dispersive effects via
factorization/short-time methods)
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