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The Nobel Prize in Physics 1949

Hideki Yukawa

Yukawa Institute for Theoretical Physics (former
Research Institute for Fundamental Physics) goes
back to 1949 when Hideki Yukawa of Kyoto
University

"for his prediction of
the existence of
mesons on the basis
of theoretical work on
nuclear forces".

The paper was written in 1935 while he was at Osaka U.



First step in a long journey
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Motivation: why nuclear force



Four (established) forces in nature
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Evidence for a Protophobic Fifth Force from 8Be Nuclear Transitions,1604.07411


http://arxiv.org/abs/arXiv:1604.07411

Strong force

® Strong force: bind quarks
into hadrons

® Nuclear force—residual
strong force: binds
nucleons into nuclei

® Underlying theory—QCD
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QCD: Asymptotic freedom

October 2015
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QCD: color confinement

® Free quarks do not exist (color confinement),
experimentally only hadrons are observed

® Mismatch of degrees of freedom—
hadronization

Decomposition of
the proton spin

1980s now



Why construct nuclear forces?

® Nuclear force: derivative force or residual force

® In this sense, similar to intermolecular force,
but because of confinement and asymptotic
freedom of QCD, much richer and harder

Fan Wang, Guang-han Wu, Li-jian Teng, J.Terrance Goldman Phys.Rev.Lett. 69 (1992) 2901-2904

® Constructing a nuclear force is a long-standing
and interesting subject in nuclear physics; the
basis of all microscopic (ab initio) nuclear
structure and reaction theories


http://inspirehep.net/author/profile/Wang%2C%20Fan?recid=31293&ln=en
http://inspirehep.net/author/profile/Wu%2C%20Guang-han?recid=31293&ln=en
http://inspirehep.net/author/profile/Teng%2C%20Li-jian?recid=31293&ln=en
http://inspirehep.net/author/profile/Goldman%2C%20J.Terrance?recid=31293&ln=en

NN interaction—foundation of
microscopic nuclear structure

Citations

PWAQ3 Reid93 AV18 CD-Bonn Bonn

Phenomenological NN interactions

as of July 8th,2016



NN interaction—foundation of
microscopic nuclear structure
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Chiral NN interactions

as of July 8th,2016



The ultimate aim:
nuclear physics as a precision science

The Nobel Prize in
Chemistry 2013

for the development
of multiscale

| | models for complex
chemical systems

Martin Karplus Michael Levitt commons
P Arieh Warshel

The Nobel Prize in Chemistry 2013 was awarded jointly to Martin Karplus,
Michael Levitt and Arieh Warshel "for the development of multiscale models
for complex chemical systems".

Nuclear forcet+advanced numerical methods

precision nuclear physics



Two recent examples .\. u\ /“1

8Be

Hoyle state of Carbon

Carbon production (0.04%)

4.439 MeV

E2
0+

a-decay (99.96%) stable 12C
A
o4
1
A A TABLE II. Lattice and experimental results for the energies of
_¢5 *,-J'$ the low-lying even-parity states of '2C, in units of MeV.
D
Y of 2@ o 2 (E")
LO —96(2) —94(2) —89(2) —88(2)
| NLO  -773) -74(3) -723) ~70(3)
é T,) NNLO -92(3) —89(3) —85(3) —83(3)
b’ Expt. —92.16 —87.72 —84.51 —82.6(1) [8,10]
. A }/* ~81.13) [9]
¢ ~82.32(6) [11]
44
k endi
PRL 109, 252501 (2012) PHYSICAL REVIEW LETTERS 21 DECEMBER 2012

Structure and Rotations of the Hoyle State

Evgeny Epelbaum,l Hermann Krebs,' Timo A. Lihde,” Dean Lee,* and Ulf-G. MeiB8ner >~
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Two recent examples
alpha-alpha scattering
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Ab initio alpha-alpha scattering
Serdar Elhatisari', Dean Lee?, Gautam Rupak®, Evgeny Epelbaum®, Hermann Krebs*, Timo A. Lihde®, Thomas Luu"® &
Ulf-G. Meifiner!*¢

Nature 16067




Chiral nuclear forces—current status



“High Precision” Nuclear Force ‘
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“On the interaction of elementary particles,” PTP17,48



High
Precision
Nuclear
Force

Major milestones for NN potential

development ChPT
e 1991/92: Weinberg, NN potential from ChPT
e 1994/96: Bira v. Kolck and co-workers, first ChPT based
NN potential at N2LO using cutoff regularization (r-
space)
e 1994-1997:
= Robilotta and co-workers, 2-pi at N2LO
= 1997: Kaiser et al., 2-pi at N2LO using HBChPT and DR
e 2000: Epelbaum et al. (“Bochum-Juelich” group), NN

potential in momentum space at N2LO (HBChPT, DR)

e 2003:
= Robilotta and co-workers 2-pi at N3LO in RBChPT
= Entem & Machleidt (“Idaho” group), first NN potential
! at N3LO (HBChPT, DR)
e 2005: Epelbaum et al. (“Bochum-Juelich” group), NN
potential at N3LO (HBChPT, SFR)
e 2015: Epelbaum et al., Entem, et al., NN potential at
N4LO




Estimate of theoretical uncertainties

0 100 200 0 100 200 300 0 100 200 300 0 100 200 300
Ejab [MeV] Ejap [MeV] Ejab [MeV] Ejab [MeV]

e E. Epelbaum, H. Krebs, and U.-G. Meissner, Eur. Phys. ]J. A (2015)51



PRA Editorial 2011

Eﬁgl‘sf’s“ Journals Help/Feedback Journal, vol, page, DOI, etc. n

If the authors claim high accuracy, or improvements on the accuracy of previous work.
If the primary motivation for the paper is to make comparisons with present or future high precision

experimental measurements.
If the primary motivation is to provide interpolations or extrapolations of known experimental
measurements.

Editorial: Uncertainty Estimates

The purpose of this Editorial is to discuss the importance of including uncertainty estimates in papers involving theoretical calculations of physical quantities.

—

Development of new theoretical techniques or formalisms.

2 Development of approximation methods, where the comparison with experiment, or other theory,
itself provides an assessment of the error in the method of calculation.

3 Explanation of previously unexplained phenomena, where a semiquantitative agreement with

experiment is already significant.

Proposals for new experimental arrangements or configurations, such as optical lattices.

Quantitative comparisons with experiment for the purpose of (a) verifying that all significant

physical effects have been taken into account, and/or (b) interpolating or extrapolating

known experimental data.

6 Provision of benchmark results intended as reference data or standards of comparison with

other less accurate methods.

a b~



Hierarchy of Nuclear Force in ChEFT

2N Force 3N Force 4N Force
LO
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* E. Epelbaum, H.-W. Hammer, UIf-G. Meissner, Reviews of Modern Physics
81(2009)1773
e R. Machleidt and D. R. Entem, Physics Reports 503(201 1)1



Nonrelativistic NF from heavy baryon (HB)
ChEFT

® NN interaction

=up to NLO U. van Kolck et al., PRL, PRC1992-94; N. Kaiser, NPA1997
=up to NNLO E. Epelbaum, et al.,NPA2000; U. van Kolck et al.,PRC1994
=up to N3LO R. Machleidt et al., PRC2003; E. Epelbaum et al., NPA2005
=up to N‘LO E. Epelbaum et al., PRL2015, D.R. Entem, et al., PRC2015
=dominant N°LO terms D.R. Entem, et al., PRC2015

® 3N interaction

=up to NNLO U. van Koilck, PRC1994
=up to N3LO S. Ishikwas, et al, PRC2007; V. Bernard et al, PRC2007;
=up to N°LO H. Krebs, et al., PRC2012-13

04N interaction
=up to N3LO E. Epelbaum, PLB 2006, EPJA 2007



Number of parameters in Modern
Nuclear Forces

- CD-
PWA93  Reid93  Avig "~ LO NLO NNLO N3LO N4LO
[1] [2] [3]
[41
No. of
eCe 35 50 40 38 2 9 9 24 24
) &
1.07 1.03 1.09  1.02 480 63 21 0.7 0.3
datum

caution about definition of x?

[1] V.G.J. Stocks et al., PRC48, 792(1993)—Inspire cited 637 times

[2] V.G.J. Stocks et al., PRC49, 2950(1994)—Inspire cited 1054 times
[3] Robert B. Wiringa et al, PRC51, 38(1995)—Inspire cited 1975 times
[4] R. Machleidt, PRC63,024001(2001)—Inspire cited 1050 times

[5] PRL 115,122301(2015)—Inspire cited 58



Ve(r) [MeV]

Nature Research Highlights 2007

Nuclear Force from Quark-Gluon dofs

® First qualitative
nuclear force from
first principles

® m;=461 MeV

® Quenched

N. Ishii et al., PRL99,022001(2007)



LQCD-predicted nZ  phase shift
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FIG. 1 (color online). LQCD-predicted 1SO n2~ phase shift
versus laboratory momentum at the physical pion mass (very
dark and light blue bands), compared with other determinations,

as discussed in the text.

LO ChPT better?
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FIG. 2 (color online). LQCD-predicted 3S , n2~ phase shift
versus laboratory momentum at the physical pion mass (very
dark and light blue bands), compared with other determinations,

as discussed in the text.

NPLQCD, PRL109(2012)172001



Limitations of Current ChPT NN forces

® Not “renormalization group invariant”

- Sensitive to the UV cutoff, not (nonperturbatively)
renormalizable

- Diverse opinion on this issue (many discussions)

® Based on HBChPT

- Slow convergence as in the one-baryon sector?

- Cannot be used directly in covariant calculations.

® A relativistic nuclear force based on the EOMS
BChPT?



Motivation: why relativistic



Importance of Relativity not so much
recognized

® Two pillars of modern physics:
v Quantum mechanics
v Special (General) relativity, not

Modern elementary-particle physics is founded upon the two pillars of
quantum mechanics and relativity. [ have made little mention of
relativity so far because, while the atom is very much a quantum
system, it is not very relativistic at all. Relativity becomes important
only when velocities become comparable to the speed of light.
Electrons in atoms move rather slowly, at a mere one percent of light
speed. Thus it is that a satisfactory description of the atom can be

obtained without Einstein's revolutionary theory.

S.L.Glashow, 1988, Interactions, Wamer Books, New York



Facts speak louder than words



Atomic/Molecular systems
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Fig. 2. Relativistic corrections for hydrogenic s orbitals (as percentage of the non relativistic
value).



QED effects

Table 1

Contributions to 1s electron binding energy in U™’
Contribution Value (in eV)
Point nucleus Dirac equation -132 279.61
Finite nucleus correction 198.82
Self Energy 355.05
Vacuum Polarization -88.60
Higher order QED corrections -0.64
Nuclear recoil and nuclear polarization 0.28
Reduced mass correction -0.30 A
Lamb shift (i.e. sum of all above corrections) 464.61 468i 1 3 CV.

1s binding energy -131 815.00




Molecular systems studied in the
Dirac-Fock one center approximation

Table 2

Hydrides studied by the one-centre Dirac-Fock method

Molecules Main impact of relativistic corrections

CHa to PbH,4 Bond length contraction and increase of force constants

CuH, AgH and Increase of the dissociation energy. Explanation of the difference

AuH between Ag and Au.

BH to TIH Decrease of the dissociation energy for TIH and monovalency of TIH
partially due to 6p spin-orbit splitting. Transition from LS to jj
coupling in bonding orbitals.

TiH4 to (104)Hs Small bond length expansion for TiHs and ZrHa.

CeHs , ThiHs ; UHs, 5d orbital of W moves to bonding region and W-H bonds

CrHs to (106)Hs strengthened. Further evidence for 5f participation in U-H bonds.
Contraction in actinide series found of the order of 30 pm.

MH" and MH, with  Increasingly strong d contributions to the bonds from Ca to Ra. Ra-H

M=BetoRa, Znto bonds longer than Ba-H ones. Yb-H and No-H bonds are about the

Hg, Yb and No same. Explanation of the linear two coordination of Hg.

'3, states of ScH to
AcH, TmH, LuH and
LrH

Trends in group 3. Lu-H and Lr-H bond lengths comparable.

Performed before

1980



Two nice books

A Bibliography 1993-1999

Relativistic Theory
of Atoms and Molecules |

Relativistic Electronic Structure Theory

Part 1. Fundamentals




Nuclear Systems



Recent Progresses in Nuclear Structure Physics 2016 (NSP2016)

2016/12/05 --- 2016/12/23

REKFE BREYEZMZFRT HRR - RFE K102

Why Covariant?

P. Ring Physica Scripta, T150, 014035 (2012)

v Spin-orbit automatically included oS0
. . N
v/ Lorentz covariance restricts parameters V(r FsoMev] —
v Pseudo-spin Symmetry _ V)-S50
- r
v/ Connection to QCD: big V/S ~ £400 MeV
. . . 3
v/ Consistent treatment of time-odd fields (r) .
v/ Relativistic saturation mechanism
v Liang, Meng, Zhou, Physics Reports 570 : 1-84 (2015).
0 ————r .
Pseudospin symmet i ~—rwer lA
N pin sy ry sl Relativistic | K ’,"
:23::. 3s12 2d32 } L‘_] n—-—1. 142, g = l+3 ; ! BHF ” ’l
“._2me} m n. l. j=1+1 g 10} ’ 'l
—_— ’ 4
—1g—:: . - < ’I ’ ’[l
—1g — pseudo-orbit : [ =1+1 o -15} C,2., . ’
:f:::“_"m 2:m } e pseudo-spin : §=1/2 ! . :::--’:_’B’ A,’,
T Hecht & Adler -20 N7 s
i C— NPA137(1969)129 o TteeelaetT
' - . Arima, Harvey & Shimizu “0.0 0.1 02 03 04 05 0.6 0.7
gz P PLB 30(1969)517 - tm)
— Ginocchio PRL 78, 436 Brockmann & Machleidt, PRC42, 1965 (1990)

from Jie Meng’s talk



Two nice books

L.N. Savushkin

Relativistic
Density Functional

Nuclear Structure




One-Baryon(Nucleon) Sector



Chiral Perturbation Theory (ChPT) in essence

 Maps quark (u, d, s) dof’s to those of the asymptotic states, hadrons

£QCD[Q7 q; G] — EChPT[Ua 8U7 R M? N]

e U parameterizes the Nambu-Goldstone bosons

e OU vanishes at F = p'= 0 (Nambu-Goldstone theorem)
e M parameterizes the explicit symmetry breaking
e N denotes interactions with matter fields

e Exact mapping via chiral Ward identities

® ChPT exploits the symmetry of the QCD Lagrangian and its ground state; in
practice, one solves in a perturbative manner the constraints imposed by chiral
symmetry and unitarity by expanding the Green functions in powers of the

external momenta and of the quark masses. (J. Gasser, 2003)



Power-counting-breaking (PCB) in the one-baryon sector

® ChPT very successful in the study of Nanbu-Goldstone boson self-
interactions. (at least in SU(2))

® |In the one-baryon sector, things become problematic because of the
nonzero (large) baryon mass in the chiral limit, which leads to the fact
that high-order loops contribute to lower-order results, i.e., a systematic

power counting is lost!

Mesons Baryons
6 i . = - & [ @
N N 6 red dots denote
5F . 5t e o o ]
possible

4 . : 4r * T = PCB terms (pion-
3L . 3t * & ¥ nucleon scattering)
ol ° - 2t e o o
1}k = 1F . J. Gasser et al.,
O 1 1 1 1 O 1 1 1 1 NPB 307’ 779(1988)

0 1 2 3 o 1 2 3

Loops Loops

Chiral order= 4. — 2Ny — Np + >, kVi.




Chiral order= 4L — 2Ny, — N + >, kVj.

Baryons
. Nucleon mass up to O(p?)
|
3F ® o o)
2+ e o o TS /"\\

O Lo (a) (b) (c)

order of the loop=1+14+4—-1—-2=3

Naively . 2
(no PCE) My = Mg + bm; 4 loop

However Jloop = aMg’ — I)’]\JomfT 4 cmf’T SN

loop(= em?> + - -

No need to calculate, simply recall that Mo~O(p?)



Power-counting-restoration methods

e Heavy Baryon ChPT: baryons are treated “semi-relativistically” by a
simultaneous expansion in terms of external momenta and 1/ My (Jenkins e
al., 1993). It converges slowly for certain observables!

@ Relativistic baryon ChPT: removing power counting breaking terms but
retaining higher-order relativistic corrections, thus, keeping relativity.
o Infrared baryon ChPT (T. Becher and H. Leutwyler, 1999)
o Fully relativistic baryon ChPT—Extended On-Mass-Shell (EOMS) scheme
(J. Gegelia et al., 1999; T. Fuchs et al.,2003)

@ IR scheme separates the full integral into the Infrared and Regular parts:

H = Infrared



Extended-on-Mass-Shell (EOMS)

® “Drop” the PCB terms

tree = My + bm?

loop = aM + b Mom?> + em? + - -

Jw_w_o

My = Mg +b m2 +cm> + -+ (O(p®))

® Equivalent to redefinition of the LECs

tree = My + bm?>

+

loop = aM + b Mom?> + cm?> + - -

ChPT contains all possible terms allowed by symmetries, therefore

whatever analytical terms come out from a loop amplitude, they must

have a corresponding LEC




HB vs. Infrared vs. EOMS

® Heavy baryon (HB) ChPT

non-relativistic

= breaks analyticity of loop amplitudes

= converges slowly (particularly in three-flavor sector)
= strict PC and simple nonanalytical results

® |Infrared BChPT

= breaks analyticity of loop amplitudes
= converges slowly (particularly in three-flavor sector)
= analytical terms the same as HBChPT

® Extended-on-mass-shell (EOMS) BChPT
= satisfies all symmetry and analyticity constraints
= converges relatively faster--an appealing feature



Some successful applications of covariant
BChPT (in the three-flavor sector)

“ Magnetic moments
PRL101:222002,2008; PLB676:63,2009; PRD80:034027,2009

“ Masses and sigma terms

PRD82:074504,2010; PRD84:074024,2011; JHEP12:073,2012;
PRD 87:074001,2013; PRD89:054034,2014 ; EPJC74:2754,2014 ;
PRD91:051502,2015

* Vector form factors (couplings)
PRD79:094022,2009; PRD89:113007,2014
 Axial form factors (couplings)

PRD78:014011,2008; PRD90:054502,2014

Recent developments in SU(3) covariant baryon chiral perturbation theory
Li-sheng Geng, Front.Phys.(Beijing) 8 (2013) 328-348



The nucleon scalar form factor at g’

t
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Proton and neutron magnetic moments: chiral
extrapolation

Proton magnetic moment 0 Neutron magnetic moment
S . . — . . ——

. HB

-3t , , ,

6 0.8 1 0 0.2 0.4 0.6 0.8 1
] mﬂz[Gevz]

V. Pascalutsa et al., Phys.Lett.B600:239-247,2004.



Octet baryon magnetic moments at NLO
BChPT

X2 = > (feh — ftexp)?
b n A Y- ¥0 ¥t == 20 A¥O0 ] 2
LO CG | 256 -160 -080 -097 080 256 -097 -1.60 1.38 | 0.46
HB | 301 -262 -042 -135 042 218 -052 -070 1.68 | 1.01
NLO IR | 208 -274 -064 -1.13 064 241 -117 -145 1.89 | 1.83
EOMS | 258 -2.10 -066 -110 066 243 -005 -127 158 | 0.18
Exp. | 279 -191 -061 -116 — 246 -065 -125 161 | —

e Contribution of the chiral series [LO(14+NLO/LO)]:
pp = 3.47(1-0.257), p, = —2.55(1-0.175), pup = —1.27(1-0.482),
ps- = —0.93(1+0.187), py+ = 3.47(1—-0.300), pyo = 1.27(1—-0.482),
p=- = —0.93(1+0.025), p=zo = —2.55(1-0.501), ppygo =2.21(1—-0.284).

LSG, J. Martin Camalich , L. Alvarez-Ruso, M.J. Vicente Vacas, Phys.Rev.Lett.
101:222002,2008



Towards a relativistic nuclear
force



Our strategy

® We construct the kernel potentials from the
covariant chiral Lagrangians

1 _ _ _ _
Ly = = [Cs(PO)(TT) + Ca(Tys¥)(T75¥)
+ Cv (97, 9)(T7*¥) + Cav (y,759) (¥ 75 P)
+ Cr(Yo,, V) (Yo" ¥)], 5 LECs
2
2 = o (0, UOFUT + (U +UYm2],
LY =T [z‘D — My + gz—Av“%uu] v,

® We retain the full form of Dirac spinors

— € —
U(p,S)INp(E-p’>Xs, sz 21\5N, Ep:\/M]%]+p2



NN force at leading order

® Feynman diagrams at LO

-----9

Contact Potential (CTP) One-Pion Exchange Potential (OPEP)

® “Covariant power counting”

ny = 4L — 2Nz — Ny, + Z kVi, Expansion parameters:
k pseudscalar meson masses or small
three-momenta of nucleons



NN force at leading order

.= - . En+ M 1
Explicitly covariant form [« s) = /=5 — ( &, ) Xs

Vorp = Cos(tgug)(ugur) + Ca(tgysug)(usysur)
+Cy (g uz)(uzy"ur) + Cay(ugy,vsue) (Uzy v5ur)
+Cr(Uy0 u2)(Us0 U1 ).

Expressed in terms of pauli matrices

Verr = ) G lvg;(EN) +VIEN)oy - 02+ Vgo(EN)g(al + 02) - (k X q)
i=S,A,V,AV.T
+ Vi (By)o1 - qos - g+ Vi(Ex)oy - koy - k all allowed
+ V1 (En)or - (g X k)os - (g X k‘)] : Spin Operators

Non-relativistic (static) limit

1
Vogpheh = —(Cg + Cy) + (Cay — 2C7)0y - 09 + O(M—N)'



NN force at leading order

¢ -----9

. : ) Ext My [ 1
Explicitly covariant form |75 = =5 (o )

v B 9124 (Way y5q,u2) (UsY” Y59, 1)

Expressed in terms of pauli matrices and NR wfs

2
g 1
Voprep = 4f2 q2 g [Vaq(EN)0'1 -qo2 - (q

/)
+ Vo(EN) + Uyoq - 09 + VSO(EN)§(0'1 +09) - (k X q)
+ Vor(En)oy - koy - k+ V,p(En)or - (g X k)oy - (g X k)]

Non-relativistic (static) limit

2
NonRel. 94 o1-q03 - q 1
Vorr ™ = _4f2 T2 tie O(MN)'




A hint at a more efficient formulation

— —~2
A +
Viso = 4m |Ciso + (Ciso + Ciso) (p4 129 + - )
N

Ciso = (Cs+ Cy +3C4y —6Cr),
(3Cv + Ca + Cav +6CT),

Q
W0
()
[

A large contribution of the correction terms is
essential to describe the 1S0 phase shift

J. Soto and J. Tarrus, Phys. Rev. C78, 024003 (2008).

B. Long, Phys. Rev. C88, 014002 (2013).



The nuclear force is non-perturbative

Non-perturbative summation of the tree-level potential

X=>z<+>z@< ++...

3D reduction of the Bethe-Salpeter equation (Kadyshevsky)

T =V [ RV 2m My (k)
p,p)=V\p,D D, , D)
0 (k2 + M2)(\/p? + MZ — \/k? + M2, + i€)

With the implicit mass “on-shell” approximation of the
potential.

EP — \/MIZV +ﬁ2_=



NN force at leading order

® 5 LECs to fit the np phase shifts of Nijmegen 93

7 partial waves: J=0, 1 'S, *Fy, 'Pi, *Py, Dy, %S, &

* 42 data points: 6 data points for each partial wave
(Fay = 1, 5, 10, 25, 50, 100 McV)

oo 2
562 _ Z (5;Iheory B 5?1393) .
i
e Cutoff renormalization in solving the scattering eq.

Vpp) = V,p)f(®sp). f¥',p)=expl—//A)"" — (p/N)*"].



Best fit
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100 Cr  |-0.06310
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A=747 MeV, the minimum of fit-x>=106.90, x*/d.o.f. = 2.89
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A closer look at the partial waves
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e Improved description of 1S,
and 3Py phase shifts

e Quantitatively similar with the
nonrelativistic case for J=1

partial waves



Relativistic vs. non-relativistic

Very promising

Relativistic Chiral NF Non-relativistic Chiral NF
Chiral order LO LO NLO*
No. of LECs 5 2 9
y*/d.o.f. 2.9 147.9 2.5

A more efficient description is achieved




BbS vs. Kadeshevsky scattering
equation

8

8 & 8
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BbS(Blankenbecler-Sugar)

(almost) Independent
from
the scattering equation



Summary and Outlook

“* Nuclear forces based on Chiral EFT have made
remarkable progress in the past decade.

“» Covariant descriptions of the one-baryon and nuclear
systems have been quite successful as well.

“* Time is mature to develop a covariant formulation of
baryon-baryon forces in chiral EFT.

* Initial (preliminary) results are very promising.

“* More is coming. Remain tuned.



Thank you very much
for your attention!



Description of J=2 PWs phase shift
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