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Proton number, Z

Recent progress in the nuclear-matter

equation of state from chiral EFT

Where do heavy elements come from?
HOW does the nuclear chart emerge from QCD?

How to predict properties of nuclei ?
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see also Hebeler et al., ARNPS 65, 457

equation of state
: observables

neutron-star matter | nuclear saturation

many-body perturbation theory
computational efficient LRl (e
: ) framework

many-body uncertainty estimates

chiral effective field theory F—
systematic expansion of nuclear forces f'el detchtlve

truncation error estimates i eory
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Next-generation supercomputers

50 Hagen et al., Nat. Phys. 12, 186
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Hierarchy of nuclear forces in chiral EFT ... Machleidt, Entem, Phys. Rep. 503, 1

modern approach to nuclear forces:

e ® QCD is nonperturbative at the
Q0 1o gzé } { low-energy scales of nuclear physics
Csr ® use relevant instead of the
Q2 No Q * *I tl [] fundamental degrees of freedom:
Lok ‘ - e.g., nucleons and pions
Q3 No | +::’ +: — ® pion exchanges and short-range
3 contact interactions (« LEC)
| +::+ Il +::- ® systematic expansion enables
Q4 Ndo Dy s improvable uncertainty estimates
4 }Z—;\‘l L}"{ - - t;:f: o p M 1
Expansion | () = max Ab Ab ~ 3

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Kaiser, Krebs, Machleidt, Meil3ner, ...
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UNIVERSITY OF CALIFORNIA
Hierarchy of nuclear forces in chiral EFT

e.g., Machleidt, Entem, Phys. Rep. 503, 1

> Many-body forces
2N force 3N force 4N force

Q°L°€Z§H = —

Cst

Q2 NLO @J:': *l [j:::l [] o - S.Weinberg
e fHE R, -
| b “E
e S ESHEBCIHITHE
M _ }‘I t*{ F t | no unknown ‘parameters
Expansion

... and ongoing work at N#LO and even N5LO...
Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Kaiser, Krebs, Machleidt, Meil3ner, ...
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UNIVERSITY OF CALIFORNIA
Hierarchy of nuclear forces in chiral EFT

e.g., Machleidt, Entem, Phys. Rep. 503, 1

> Many-body forces
2N force 3N force 4N force
QO LO k
Xk = Xref »_ cnQ" see talk by C. Peset
3 n=0
2 |
Q< No S.Weinberg
Q3 n2Lo i 00 )
‘ V=Y (cvim) @
| n=0
Q4 N3Lo
v {
Expansion

... and ongoing work at N#LO and even N5LO...

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Kaiser, Krebs, Machleidt, Meil3ner, ...
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Central quantity

Equation Of State

E total density
ground-state energy _ ( n 5 T) neutron excess
per particle of a system A ? ) temperature

consisting of Neutron and protons

n = Ny, + Ny b =

neutron | proton density T

September 27, 2019 | Next Frontiers in the Search for Dark Matter | Christian Drischler | 12



Recent progress in the nuclear-matter B
erkele

equation of state from chiral EFT DCIKCICY
Homogeneous nuclear matter

A% theoretical testbed for nuclear forces
T with important consequences for EOS
b= Mo +1p | saturation point
s (ny~ 0.16 fm=3, a, ~ 16 MeV)
15 MeV-- p=1 o
incompressibility (K ~ 240 MeV)
o onﬂact'\on
| aoonen® 5 <1 symmetry energy (Eg, ~ 32 MeV)
4 and its slope (L ~ 55 MeV) at n,
“n”
rlmo : 11.1km < Ry am, < 12.7km
Hagen et al., Nat. Phys. 12, 186
saturation
X< /5 . E . 9
16 MeV—- 5 — 0 symmetic s Z (6, ’]?,) = Z (6 = O, n) + 5 Esym(n)
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Homogeneous nuclear matter

A % theoretical testbed for nuclear forces
5 T with important consequences for EOS
n n ¢
» "% || Nuclear —> Interpolated EoS <— Quark models
o) . g
15 MeV—- ) : ( non-confining ) | (pQCD)
L P
0, j o, TR M
¢ arbitra’y prot Q“%‘. , 'U Okg . ¢ \ . ‘
OQ @ ® L PN
A ' 0 Vv : (B
A : & 00 o :
~n” ’ : o BRI X Ng
I >
No ~ 2n, ~ (4-7)n, ~ 100 n,
Hagen et al., Nat. Phys. 12, 186
saturation
e [ 28, 0) = Z (8 =0, n) + B Eyym(n)
-16 MeV-1 5 — O ymme A ) _ A — Y sym
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Mass-radius relation see, e.g., Greif et al., MNRAS 485, 4

ter ot ot + causality

| Hebeler et al., | _ S

36 L APJ 773, 11 1 constraints from =) * Mnax21.97 My,
I + GW170817, ...

see also Gandolfi et al.,

PRC 85, 032801
mass—radius relation
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Mass—radius relation
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Connecting to QCD

\ Leonhardt, Pospiech, Schallmo,
Braun, CD, Hebeler, Schwenk,
arXiv:1907.05814

p— Pressure
5% [ OF/A
P = n?
f 0.6 4 (n7 6) " on (n, 6>
04 EFT seems to match first

e es oo ™=2 — | constraints from QCD at
, XEFT p— n n ] [
~ w~ewi-»> — | [ntermediate densities
10* 10?
n/ng 2 —— Acquisition (arl;itrary units) S == Acquilsition (arbitrary units) /
density === gp density
FRG " N = 2
= 0
in future, derivatives | -
using GPs instead of | *
. = - . -3
finite differencing? 005 010 015 010 015 020 025 030
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Nuclear saturation potentials: Hebeler et al., PRC 83, 031301

Homogeneous Matter

=12 T I ey magic 1.8 / 2.0 (EM) agrees
® second |] . .
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€& fourth H
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CD, Hebeler, Schwenk, PRL 122, 042501
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Efficient Monte Carlo framework CD, Hebeler, Schwenk, PRL 122, 042501

EOS up to
high orders

efficient evaluation of diagrams
(single-particle basis)

)

® implementing diagrams has become automatic code

straightforward (also particle-hole or 3N terms) generation

® using automatic code generation based
on analytic expressions

)

® multi-dimensional momentum integrals: VEGAS
(openMP, MPI, and CUDA) analytic form

® computational beast: controlled computation of of the diagrams
arbitrary interaction or many-body diagrams
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" T '
Significant challenges! CD, Hebeler, Schwenk, PRL 122, 042501

Higher orders: particle-hole contributions
Coraggio et al., PRC 89, 044321; Holt, Kaiser, PRC 95, 034326

Exact normal-ordering \ 4
Holt et al., PRC 81, 024002; Hebeler, Schwenk, PRC 82, 014314 = |va 3
Residual 3N diagram included ix / \
Hagen et al., PRC 89, 014319; Kaiser, EPJ A 48, 58 < { }}

Higher many-body forces
Hebeler et al., PRC 91, 044001

i e

) push state-of-the-art MBPT
calculations to higher orders
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Number of diagrams in MBPT Stevenson, Int. J. Mod. Phys. C 14, 1135

The number of diagrams increases rapidly!

1 : 3, 39, 840, 27 300, 1232230, ...

n= 2 3 4 5 6 7

Integer sequence A064732:
Number of labeled Hugenholtz diagrams with n nodes.
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Neutron and nuclear matter at N3LO

(" N2LO EMN (2017)
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CD, Hebeler, Schwenk, PRL 122, 042501

f 2N force

3N force \ 4N force

R

reduced uncertainties
due to N3LO contributions

left column:

right column:

A/ep [MeV]/[1]

— 450/2.25 = 500/—1.75
— 450/2.50 500/ — 1.50
— 450/2.75 = 500/ —1.25

A/ep [MeV]/[1]

— 450/0.00 = 500/ —3.00
— 450/0.25 500/ —2.75
— 450/0.50 = 500/ —2.50

September 27, 2019 | Next Frontiers in the Search for Dark Matter | Christian Drischler | 24




Recent progress in the nuclear-matter

equation of state from chiral EFT
Neutron and nuclear matter at N3LO

E/N [MeV]

E/A [MeV]

N2LO EMN (2017)

| Tl

Berkeley

UNIVERSITY OF CALIFORNIA

CD, Hebeler, Schwenk, PRL 122, 042501

N’LO EMN (2017)

I 3l

N Eoym =30.5 - 32:7 MeV |

\ L=583-685MeV | &
E |
(1]
1 E | ] -
L reduced uncertainties '
“ ] [ ]
| 2| due to N3LO contributions g
E
@1 left column: right column:
. . . TN A/ep [MeV]/[1] A/ep [MeV]/[1]
0 05 0 10 0 15 0 0 0 10 0.15 0 20 - 450/2.25 - 500/ —1.75 - 450/0.00 — 500/—3.00
' ' o ' ' R ' — 450/2.50 500/ —1.50 | |— 450/0.25 500/ —2.75
n [fm™] n [fm~] ) |- 450275 — 500/-1.25| |— 450/0.50 = 500/ —2.50

J

neutron matter

( 2N force

3N force

4N force \

September 27, 2019 | Next Frontiers in the Search for Dark Matter | Christian Drischler | 25




Recent progress in the nuclear-matter B
erkele

equation of state from chiral EFT | LANL ] Y

Truncation error analysis Melendez, Furnstahl, Phillips

start from chiral expansion

k
—_ n

for observable X (= E/ A) Xk = Xaet ) nQ /\
0 E/N — I I ——
Evaluate X at ... /\

. ———

... consecutive orders Hid /\
-
Order by order Predictions Observable Coefficients

A=450MeV| ] /\

) Sn — e

LO

E/A [MeV]
1]
z 3
o o

—= 600 900 1200
18 4 NLO ] Xn — Xn-—1 f
-o— N2LO & Cn = — . Ay (MeV)
20 _‘._ N3LQ ' ' : ’ ' ' : Xl:ef Q :
180 200 22()k' lMuZ\;l;l 260 280 180 200 22()‘\, [MCZ::I 260 280 Bayesian infe rence:
check 0 — P mg. breakdown scale,
naturalness - A, A, higher-order terms

BUQEYE collaboration; Melendez et al., arXiv:1904.10581, Melendez, Wesolowski et al., PRC 96, 024003, ...
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Summary and outlook

: : Collaborators:

0 Perform zero-T calculations (up to high order)
resummation, higher-order single-particle spectra, ... R. Furnstahl
e Work out finite-T extension (to third order) J. Meleﬂqez
finish developments, study thermodynamic properties, ... D. Phll“pS
Construct high-density | temperature EOS K. Hebeler
observational constraints, interface to astrophysics, ... K. McElvain
Quantify theoretical uncertainties A Schwenk

Bayesian truncation errors: naturalness, breakdown scale, ... = e
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