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Symmetries of the similarity renormalization group for nuclear forces
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We analyze the role played by long-distance symmetries within the context of the similarity renormalization
group (SRG) approach, which is based on phase-shift-preserving continuous unitary transformations that evolve
Hamiltonians with a cutoff on energy differences. We find that there is a SRG cutoft for which almost perfect
fulfillment of Wigner symmetry is found. We discuss the possible consequences of such a finding.

DOI: 10.1103/PhysRevC.86.034002

I. INTRODUCTION

The use of effective interactions in nuclear physics is rather
old (for a review see, e.g., [1,2] and references therein). The
basic idea is to emphasize the role of the physically relevant
degrees of freedom, which in the case of nucleons in finite
nuclei depends very much on the relevant energy scale or
equivalently on the shortest de Broglie wavelength sampling
the interactions. Moreover, the explicit effects of the (hard)
core which traditionally induce strong short-distance correla-
tions actually depend on detailed and accurate knowledge of
the interaction at rather short distances (see, e.g., Ref. [3] and
references therein).

While the issue of scale dependence is best formulated
within a renormalization framework [4], Wilsonian methods
have only been seriously considered as an insightful technique
in the study of nuclear forces about a decade ago (for a balanced
review see [5] and references therein).

Some years ago Glazek and Wilson [6,7] and independently
Wegner [8] showed how high-momentum degrees of freedom
can decouple while keeping scattering equivalence via the
so-called similarity renormalization group (SRG). The SRG
is a renormalization method based on a series of continuous
unitary transformations that evolve Hamiltonians with a cutoff
on energy differences. Such transformations are the group
elements that give the method its name. By viewing the
Hamiltonian as a matrix in a given basis, the similarity
transformations suppress off-diagonal matrix elements as the
cutoff is lowered, forcing the Hamiltonian toward a band-
diagonal form. An important feature of the SRG is that all other
operators are consistently evolved by the same unitary trans-
formation. Quite generally the transformation may involve any
number of particles and allows one to generate well-behaved
multiparticle renormalized interactions. In Refs. [9,10],
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the main features of the SRG formalism were illustrated by
Perry and one of the present authors (SS) through simple
examples from quantum mechanics, namely the Schrodinger
equations for nonrelativistic two-body systems in one and two
dimensions with Dirac-delta contact potentials.

Recently, the SRG has been applied to evolve several
nucleon-nucleon (NN) potentials to phase-shift-equivalent
softer forms [11], which become extremely handy for many-
body calculations in nuclear physics (for a review see, e.g.,
[12]). The role played by bound states on the SRG evolution
has also been analyzed [13], and it was found that the SRG
generator and evolution SRG scale may be suitably chosen
to avoid undesirable singularities sneaking in and ruining
the low-energy properties of the SRG-evolved interaction.
This has been recently applied to prevent the spurious bound
states which normally appear in meson exchange potentials
[14]. The complicated neutron-nucleus scattering becomes far
simpler within a SRG perspective [15]. A general discussion
of operator evolution and in particular deuteron properties has
also been carried out where a link to the operator product
expansion has been envisaged [16].

A greatadvantage of the SRG method over other approaches
such as the Vjowk [1] or the unitary correlation operator method
(UCOM) method [17] is the straightforward application to the
scale dependence of few-body forces [18,19] which consis-
tently treat two-body-induced as well as initially introduced
few-body interactions (see Ref. [20] for a discussion on
simple one-dimensional models). A further main advantage of
SRG is the tremendous reduction of the many-body problem,
since effectively the two-body interaction becomes almost
diagonal and consequently the corresponding phase space gets
enormously reduced. This of course is done at the cost of
allowing three- or even four-body forces, which precisely due
to the high-energy decoupling of the SRG remain shorter range
than the two-body effective interaction but with a different,
scale-dependent strength. The connection to the UCOM
configuration space method was discussed in Refs. [21,22]
where it was shown how a suitable rescaling of the radial
coordinate is in fact equivalent to choosing a static generator.
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The relation of the SRG to the Vj,wkx method was discussed
in Ref. [23] as a block diagonal cutoff representation with
a Hilbert space with high- and low-momentum components
where the mixing between off-diagonal elements becomes
negligible along the SRG evolution.

The momentum-space Viowk approach [24] (see, e.g.,
Ref. [12] for a review) takes a Wilsonian point of view of
integrating out high-energy components. This allows one to
obtain a self-adjoint Vjowk potential from a bare potential, V.
Given a symmetry group with a generic generator X, standard
symmetry means that [V, X] = 0 implies [ Viowk, X] = 0. The
reverse, however, is not true. We define a long-distance
symmetry as a symmetry of the effective interaction, i.e.,
[Viowk, X] = 0but [V, X] # 0. From a renormalization view-
point that corresponds to a symmetry of the potential broken
only by short-distance counterterms. This is discussed at length
in Refs. [25-27] and summarized in Ref. [28]. On the other
hand, when the interaction is itself evolved to low energies
the symmetry of the long-range part of the potential reappears
explicitly for the Viowk potential.

In arecent work it has been made clear that the momentum-
space Viowk approach [24] displays a remarkable symmetry
pattern, which in the case of Wigner SU(4) spin-isospin
symmetry with nucleons in the fundamental representation
may be related unambiguously to large- N, dynamical features
of QCD [29], as analyzed in detail in Refs. [25-28]. This
possibility of linking a very distinct pattern of QCD to
an observable feature of the NN interaction is extremely
intriguing. However, the symmetries are very well satisfied and
a constructive point of view is to select what definitions of the
effective interaction comply with the symmetries. Of course,
we do not expect them to be perfect, but given the fact that in
the Viowk (the diagonal elements) approach they work so well, it
is worth testing other definitions. We want to analyze whether
the currently used SRG complies with the symmetry pattern.
In a previous work by one of the present authors (ERA) [30]
the running scale dependence of the effective interaction was
carried out at low momenta with the sole input of low-energy
scattering parameters such as scattering lengths (volumes) and
effective ranges. It was found that the mixing induced by the
tensor force was essential to achieve the Wigner symmetry
condition. It was also found that Wigner symmetry sets in at
a scale predicted just from the lowest threshold parameters.
Also, it is clear from Ref. [25] that the difference in the 'S and
38 phase shifts comes from difference of the singlet and triplet
scattering lengths while the effective interactions are similar in
the two channels. The realization of the Wigner symmetry does
not arise from the size of the scattering length but rather from
the long-distance properties of the effective interactions. In
Ref. [31], the origin of the Wigner symmetry is unveiled in the
framework of pionless effective field theory at leading order,
but no mention is made concerning what happens when pion
exchange interactions and the tensor coupling are included.

The purpose of the present paper is to outline under what
conditions can these long distance symmetries be displayed.
We will show that this is indeed the case and, moreover, for
the SRG cutoff of about 600 MeV an extremely accurate
fulfillment of Wigner SU(4) symmetry is found. By taking into
account that in the SRG we are at any rate preserving phase
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equivalence this result actually suggests a representation of the
interaction based explicitly on the symmetry. This of course
will have some implications for nuclear structure and nuclear
reactions which deserve further study.

The paper is organized as follows. In Sec. II we review the
SRG approach and provide the definition of a long-distance
symmetry within such a framework. One good way to unveil a
symmetry is to construct a set of sum rules where the symmetry
is linearly broken. This is done in Sec. III. In Sec. IV we show
our numerical methods and the corresponding results. Finally,
in Sec. V we present our main conclusions and outlook for
further work. In Appendix A we review the meaning of both
the Wigner and Serber symmetries within the NN context.
In Appendix B we analyze a fixed-point solution of the SRG
equations and its stability properties.

II. SRG AND SYMMETRIES

The formulation of the SRG is well known [10,32,33].
However, the equations are rather complicated (being integro-
differential nonlinear coupled equations) and hence very few
general properties have so far been deduced, so much insight is
provided by numerical calculations or the study of simplified
models. A textbook presentation is available [34] and a
rigorous discussion has been carried out only recently [35]
although the interesting case of unbounded operators which
is the standard situation in nuclear physics has been left out.
Therefore much understanding of these equations relies on
numerical approaches and the use of a discretized momentum-
space basis on a finite Hilbert space (see however [9,36] for
some analytical models). The continuum limit will be analyzed
in some detail in Appendix B.

The SRG makes a transformation which actually drives
the system into a diagonal basis, suppressing exponentially
off-diagonal elements, as we review here. Let us consider the
evolution equation at the operator level in the SRG approach
induced by the unitary transformation H; = USHOUJ with

_ dU gt
n(s) = 5 Us,
dH;

ds

with the anti-Hermitian generator n, = [Gy, Hy], where Gy
is the SRG Hermitian generator which will be specified
shortly. If H,_y = H is the initial Hamiltonian one can
easily see that when [Gy, H;] = 0 then the SRG equation
has a stationary point. Conversely, stationary points of the
SRG equation fulfill [[Gy, H,], H;] = 0. This means that
the invariant subspaces of H, eigenvectors are also invariant
subspaces of Gy, whence a band-diagonal structure follows.
Due to the commutator character of the equations one has
an infinite set of conservation laws. Indeed, using the cyclic
property of the trace we get

iTr(H;') = nTr<H;’—‘ %) =nTr(H] '[n,, Hy]) = 0.
N

ds
2

In this paper we will use as initially suggested by Glazek
and Wilson [6,7] the kinetic energy as the SRG generator,
G, =T. Using H; = T + V; we get for the potential energy

= [Tls, Hv]’ (1)
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the evolution equation

s
ds
For this choice one has that for any n and s

=T, Vs], Vi]. 3)

d
aTr(v;') =0. 4)

In Appendix B we will also show that the diagonal matrix
elements of the standard scattering reaction R matrix is a
stationary point of the previous equation when the potential is
diagonal.

More generally, for an arbitrary operator O we get the
equation

dOy
ds

The purpose of the present paper is to outline under what
conditions can the so-called long-distance symmetries be
analyzed. In particular, for a symmetry group generator X
we have

= [[T, Vi], Os]. ®)

dX,
ds

A symmetry at a given scale s must commute with both kinetic
and potential energy operators and thus fulfills [X,, T] =
0 and [X;, V5] = 0. Using Jacobi’s identity [[A, B], C]+
[[C, A], B] + [[B, C], A] = 0 we get
dX;
I —[[Xs, T1, Vel = [[Vs, X1, T1 = 0. @)

A standard symmetry corresponds to a vanishing of the left-
hand side, whereas a long-distance symmetry is a fixed point
of the evolution along the similarity renormalization group at a
given point. We will see that such a symmetry pattern appears
within the SRG in regard to Wigner and Serber symmetries
(see Appendix A for a short description). The variable s has
dimensions of energy~2 and it is customary to introduce the
SRG cutoff A = s~ /4 which has dimensions of momentum.

As we have already mentioned, the previous manipulations
are fully justified in a finite Hilbert space and typically corre-
spond to a discretized momentum-space basis. The discretiza-
tion effects are enhanced as the running Hamiltonian is driven
toward the diagonal form. So one expects to evolve to a scale
where the high-energy components are decoupled from the dy-
namics but also where the discretization effects are also unim-
portant. A feature of the SRG is that much of the SRG scale
evolution happens already at the beginning and slows down as
one approaches the scales of interest in nuclear applications.

We expect the long-distance symmetry to occur (if at all) at
a given SRG scale, but this may depend on the SRG generator.
For definiteness, we use here the SRG equations with the
kinetic energy as the generator, which have T'|p) = E,|p)
with E, = p?/M. In momentum space the equations read

dVi(p', p)
ds
=—(E, — E))’Vy(p'. p)

= [T, Vs], X;]. (6)

—d3 I - -
- / (2;;3 (Ep+ Epy =2E)Vi(p, @)Vi(q. p)- (3)
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Note that if we take zero momentum states

dvy(©0,0) 2/ d3q

— WEM'V‘ viigy <o, 9

which means that zero-momentum matrix elements of the
SRG-evolved potentials always decrease. Note that this does
not prevent the momentum from becoming infinite at some
finite value of s. The conservation of Tr(V,") means that the
zero-momentum strength increases at the cost of depleting the
high- and off-diagonal matrix elements.

III. SYMMETRIES AND PARTIAL WAVE
DECOMPOSITION

A. Kinematical symmetries

The most general self-adjoint interaction in momentum
space which is invariant under parity, time-reversal, isospin,
and Galilean invariance has the following form [37]:

-7 >

Vip',p)=Ve+T1-TaWe + (Vs + 71 - T Wy)Gy - 62
+(Ves + 71 - T2 Wig)i(o1 +02) - (p' x p)
+(Vr + 71 - L Wp)Si(p' — p)
+ (Vo + 71 - T2 W) S12(p’ x p)
+(Vp + 71 - 2 Wp)Sia(p' + P),

where the tensor operator is defined as
S12(@) = [61-4 62§ — 34°51 - 3], (10)

and o; and T; are the Pauli matrix spin and isospin operators for
the ith particle respectively. The subscripts refer to the central
(C), spin-spin (S), tensor (T'), spin-orbit (SL), quadratic spin-
orbit (Q), and quadratic-velocity-dependent (P) components
of the N N interaction, each of which occurs in an isoscalar (V)
and an isovector (W) version. Here 1, and 7, , are the usual
spin and isospin operators of the two nucleons. Note that the
so-defined condition of zero angular averaging for the tensor
operator f d’*pS1»(p) = 0 is fulfilled and, as a consequence,
our results will be stated in a rather simple form. Note also
that the central parts can be deduced by tracing the potential in
the spin-isospin space after appropriate multiplication of the
operators 1, S;, T,, and G;, (see Appendix A).

An advantage of using the momentum-space basis is that
the generalized Pauli principle can be incorporated directly
into the potential which is antisymmetric under the exchange
of the final states, which in the center-of mass (CM) frame
reads

Vi o(p's p) = =Varao(=p', p), (11)

where the indices represent a full Pauli spinor-isospinor state.
These kinematical symmetries are preserved by the SRG
equations. This means that if we have a starting potential
V(p', p) which evolves into V,(p', p) then V(Rp', Rp)
evolves into Vi(Rp’, Rp). In particular, a potential remains
rotational invariant along the SRG evolution and the general
form is maintained throughout the evolution. This of course
includes the generalized Pauli principle (11).
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B. Long-distance symmetries

The off-shell T matrix has the same decomposition as for
the potential and hence contains 12 independent amplitudes,
but on-shell, because of the condition | 5’| = |p|, one just gets
10 different amplitudes since one has the identity o; - 05 = o7y -
oy - i+ oy - Moy - M+ oy -fa2 -f, where 7, m, [ are three
orthonormal vectors in three-dimensional space such as those
proportional to p’ — p, p’' + p,and p’ x p.

Following the description in Ref. [38] (see also [39,40]) one
can undertake the projection onto partial waves. The nonlinear
SRG equation can be simplified by using conservation of
angular momentum. If we just define for a given spin the
standard partial wave decomposition

=/ = A/ / T A
FIVIRY =N Y VI EWVEW, pY®p), (2
JMLL'

with N = 47%/M, we get an infinite set of coupled equations
with good total angular momentum. The three-dimensional
structure contains central and noncentral forces. Inserting this
into the SRG equation we get the coupled-channel equations

dVy(p, p))
ds
=—(p* = p»? Vi(p. p)

2 (> p
+;/ dq 4> (P + p”? = 24*)Vi(p. ) Vs(q. p). (13)
0

where Vi(p, p’) is used as a brief notation for the projected
N N potential matrix elements,

VULESD(p p'y = (p(LS)T; I|V,| p'(L'S)J; 1),  (14)

in a partial-wave relative momentum-space basis, |g(LS)J; I),
with normalization such that

2 o0
- ;/ dq ¢* 1q(LS)T: 1) (qLS)T; 1. (15)
0

The superscripts J, L(L’), S, and I denote, respectively,
the total angular momentum, the orbital angular momentum,
the spin, and the isospin quantum numbers of the NN state.
For noncoupled channels (L = L’ = J), the matrix elements
Vi(p, p') are simply given by Vi(p, p') = VU I/ISD(p, p').
For coupled channels (L, L’ = J + 1), the V,(p, p’) represent
2 x 2 matrices of matrix elements for the different combina-
tions of L and L’. The advantage of using the partial-wave
decomposition is that every single channel may be evolved
independently from a given initial solution, Vi_o(p’, p), to
yield a unitarily equivalent potential

Vs(p’,p)=/dqus(qC PV Vieolq', )Us(g, p).  (16)

A further property is that for low momenta we have the
threshold behavior

Vi(p', p) = Cru()p (PO 11 + 0(p?, pM1,  (17)

which means also that the matrix Cy ;/(s) is a decreasing
function of the SRG cutoff; i.e., C; ,.(s) is negative definite.
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C. Perturbation theory

In the case of rotational invariance, the symmetry is
preserved along the SRG trajectory. In the case of a long-
distance symmetry the symmetry breaking strength depends
on the SRG scale. Let us thus consider the expansion around
the central solution; i.e., let us split

Vv = Vo + Vi, (18)

where [L, Vo] =0 whereas [J,V;]=0 and [L, V] # 0.
The zeroth-order potential commutes with L, S, T and so
the corresponding potential may be denoted as VLST. The
total potential commutes with the total angular momentum
J=L+S and S% Of course the goodness of this sepa-
ration depends on the SRG scale A, but we expect it to
work better the lower the scale. Inserting the decomposi-
tion (18) into the SRG equation we have the zeroth-order
equation

dviO(p', p)
ds
= —(E, — E,YVO5, p)

>

d3q

_— _ [(OFa= 0, =

* / (27T)3(Ep + Ep/ 2Eq)V5 (p > q)Vs (q’ P),
(19)

whereas the first-order equation is

dV(F, p)
ds

>, >

/ d3q
=—(E, — EP)ZVs(l)(p ,p)+ / W(Ep +E, —2E,)
x [V, vG. p)+ VOB, 9vP@G, Pl (20)

Clearly, because Vj is central we get that the linear combi-
nations are preserved as long as the noncentral contribution
remains a small correction. Generally, we do not expect it to
be the case, particularly not for the initial potential.

D. Sum rules

Rather than analyzing the evolution of the generators we
prefer to check the running of a set of sum rules based on
first-order perturbation theory in noncentral components of
the potential, which helped to disentangle some correlations in
NN fits [41,42] and have been shown to work well at the level
of phase shifts and Vjyx potentials in Refs. [25,26]. The main
idea is to decompose the potential into central and noncentral
pieces, as in Eq. (18), and assume the noncentral piece to be
of the form

Vi=L-SVis+ SiaVr. 21

One property fulfilled by the noncentral interaction is that the
trace in spin-isospin space vanishes. This suggests a set of sum
rules at the partial wave level. Using first-order perturbation
theory [25,26] we deduce the following linear combinations
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for triplet P waves:

Vip, = 5(Vip, +3Vip, +5Vip,), (22)
Vip, = =25 (2Vip, — 3Vip, + Vip,), (23)
Vip,s = —15(2Vip, + 3Vip, — 5Vip,); (24)

for triplet D waves we have
Vipe = 15 (3Vip, + 5Vip, + TVip,), (25)
Vip, = — 155 (3Vap, = 5Vip, +2Vip,), (26)
Vi, = —a5(9Vip, + 5Vip, — 14Vip,); 27)

for triplet F waves we have
Vire = 571 (5Vip, + TVap, + 9Vig,), (28)
Vig, = =15 (4Vag, — TVap, + 3Vip,), (29)
Vir,, = — 165 (20Vag, + TVip, — 27Vag,); (30)

and for triplet G waves we have

Vig, = %= (7Vig, + 9V, + 11Vig,), @31)
Vig, = —5165(5Vs6, — 9V, +4Vigs). (32)
Vig,s = 365 ( — 35Vig, — Vg, + 44Vig;). (33)

In terms of the previous definitions Serber symmetry reads
O:V3PC:‘/3FCZV3HCZ"'7 (34)
whereas Wigner symmetry implies

Vis, = Vis.,  Vip, =Vip., Vig, = Vig,.. (35)

IV. NUMERICAL RESULTS

Here we provide some details on the numerical evolution.
In order to solve the Wegner’s flow equation, we discretize
the momentum space using a Gaussian grid of N mesh points.
This leads us to a system of N nonlinear coupled first-order
differential equations. The system can then be solved with an
implementation of a fifth-order Runge-Kutta algorithm with
adaptive step. In this work we use N = 200 points.

Since the potentials we are evolving through the SRG
are all regular, we set an ultraviolet cutoff at A = 30 fm~!,
which is beyond the point where regulated potentials vanish.
In principle, one could take a larger cutoff value provided
the number of points in the grid are enough to ensure the
convergence of the Runge-Kutta algorithm. If the cutoff is
too large, one needs too many points in the grid and the
number of coupled equation becomes too large to be solved in
a reasonable time.

We illustrate our points for the Argonne AV18 potential
[43], which fits not only the N N phase shifts of the Nijmegen
data base PWA [46] but also the deuteron elastic form factors
and has been used quite often successfully for nuclear structure
calculations [3]. The diagonal matrix elements V(p, p) and
fully off-diagonal matrix elements V(p, 0) are depicted in
Figs. 1 and 2, respectively. We compare the initial potentials
and the SRG potentials evolved to A =2fm™! and A =
1 fm~!. As we see, already above A = 2 fm~! the potentials for
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the 'Sy and 3S; waves cross. This is an indication that Wigner
symmetry works very well around that scale. This trend is also
observed in even partial waves such as D and G, where the
effect of SRG evolution becomes less important as the angular
momentum is increased. On the other hand, odd partial waves
provide hints of the Serber symmetry as one sees that the 'L
potential is much larger than the 3L combination.

A comparison between the Argonne AV18 potential [43],
the Nijmegen II potential [44], and the chiral next-to-next-to-
next-to leading order (N3LO) potential of Entem and Mach-
leidt [45] is presented in Fig. 3 for the similarity cutoff A =
2 fm~! and for the S and P waves. As we see, there is some
degree of universality, as one might expect since these poten-
tials are phase equivalent, although the strength is distributed
differently, particularly in the N3LO chiral potential case.

As we see, the potential for the 35, wave changes rather
dramatically when going from A =2 to 1 fm™', in contrast
to the other waves where apparently a much more stable
result is obtained. This feature is due to the use of the simple
generator 1, = [T, Hy], where T is the kinetic energy. In
Wegner’s original formulation [8] the generator n = [ Dy, H]
was used, where Dj; is the diagonal part of H;. Actually, as
shown by Glazek and Perry [13] the generator n, = [T, H;]
can produce divergencies in theories with bound states, as
in the case of the NN interaction in the 3S;-°D; channel,
limiting how far the transformation can be run. When the
SRG cutoff A =1 /s% approaches the momentum scale at
which a bound state emerges, the strength of the SRG-evolved
interactions increases significantly. This occurs because the
transformation tends to move the bound-state eigenvalue to
the low-momentum part of the Hamiltonian’s diagonal, forcing
the interaction to grow in order to maintain the bound state at
the right value. In the Appendix B we show that actually in
the limit A — O the SRG equation becomes stationary when
the SRG potential becomes the reaction matrix, which in the
single-channel case becomes

. tan &
fim V, (p, p) = — 218 (36)
rA—0 p

and a similar equation is obtained in the coupled-channel case.
Note that this diverges when the phase shift goes through 90°,
a situation which only occurs for the 35, channel for p ~
100 MeV. On the other hand, there is no divergence problem
when using Wegner’s generator n = [Dy, H,], because the
bound-state eigenvalue is kept at the natural momentum scale
as the SRG cutoff is lowered, suggesting that actually the
generator initially proposed by Wegner has better infrared
properties. In this sense it would be interesting to check the
present results for the Wegner flow case. The advantages of
other SRG generators have been considered recently [47].

Finally, we can fine tune the SRG cutoff so that we obtain
the best possible fulfillment of the Wigner symmetry, which is
slightly above A. We call this Awigner. This, of course, would
have far-reaching consequences for the analysis of finite nuclei
on the basis of symmetry.

Our results for the S waves are presented in Fig. 4 where
the similarity cutoff runs from 5 to 2 fm~!. We can see that
both § waves evolve in the same direction, becoming more
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nitial - - S A= 1fm!

p[fm]

FIG. 1. (Color online) Diagonal matrix elements of the SRG-evolved Argonne AV 18 potential [43] V(p, p) (in fm) as a function of the
CM momentum (in fm™') for the S, P, D, F, and G partial-wave components for different values of the similarity cutoff A. Left panel: Initial
potential (A = 00). Central panel: A = 2 fm~'. Right panel: A = 1 fm~".

034002-6



SYMMETRIES OF THE SIMILARITY RENORMALIZATION ...

PHYSICAL REVIEW C 86, 034002 (2012)

S =

V(p,0) [fm]
SO

—
'_Initia’lx,/—

------

V(p,0) [fm]
L'L'» ll\)'>'—‘ o —

1
n
O

0.0009

0.0006

0) [fm]

0.0003

V(p

5.0x10™

=)

"= -5.0x107 [
= -

—-1.0x10
T -1.5x107'[
-2.0x1-
-2.5x107'[

V(p,0

I N N N )
T T T

-3.0X10- 0

3.0x10™"
2.5x10™
2.0x10™
1.5x10"°F
1.0x10™°F

5.0x10™"
0

V(p,0) [fm]

-5.0x107 g

1.0x10™"

V(p,0) [fm]

-5.0x10™

5.0x10™

0

-1.0x10°

p[fm]

1
S

0.0009

— 0.0006
=

=

—

S 0.0003

0.5 1

15
pfim]

1 '11.5' 2 25
p [fm ]

FIG. 2. (Color online) Fully off-diagonal matrix elements of the SRG-evolved Argonne AV 18 potential [43] (in fm) as a function of the
CM momentum (in fm‘l) for the S, P, D, F, and G partial-wave components for different values of the similarity cutoff L. Left panel: Initial
potential (A = o). Central panel: A = 2 fm~'. Right panel: A = 1 fm™'.
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FIG. 3. (Color online) Comparison between the diagonal V(p, p) and fully off-diagonal V(p, 0) matrix elements of the SRG-evolved

potentials for the S and P waves as a function of the CM momentum p (in fm™") for a similarity cutoff A = 2 fm

—1

. Left panels: Argonne

AV18 potential [43]. Central panels: Nijmegen II potential [44]. Right panels: Chiral N3LO potential of Entem and Machleidt [45].

attractive. At Awigner = 3 fm~!, the SRG-evolved interaction
in the two S waves are practically identical and for A = 2 fm™!
the evolved potential in the triplet channel is stronger than
in the singlet case. As expected, the evolution in the triplet
state is faster than in the singlet state. The deuteron pole
is at an imaginary momentum scale p; ~ i0.23 fm~' while
the pole corresponding to the 'Sy virtual bound state is at a
much smaller momentum scale p, ~ i0.04 fm~!. Thus, when
evolving to similarity cutoffs in the range we are considering,
the enhancement in the strength of the interaction that comes
from using the simple generator n = [T', H(s)] is sensible only
in the 35| channel. As we see, at Awigner the agreement between

the 3S; and 1S, SRG-evolved interactions is indeed remarkable
for both the diagonal and the fully off-diagonal elements.
It is important to note that the difference between the 'S,
and the 3S; phase shifts evaluated from the initial unevolved
potentials is reproduced at any rate through the SRG evolution,
since the unitary SRG transformation changes the interactions
(independently in each partial-wave channel) while preserving
the corresponding phase shifts.

For the D waves the results are displayed in Fig. 5, where we
can see that generally for p’, p < 0.7 fm~! Wigner symmetry
is well fulfilled. Note that the better fulfillment of the Wigner
symmetry for slightly large values of p occurs for a similarity
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PHYSICAL REVIEW C 86, 034002 (2012)
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-1
p [fm ]

FIG. 4. (Color online) Comparison between diagonal, V(p, p), and fully off-diagonal, V(p, 0), matrix elements of the SRG-evolved
potentials for the S waves (in fm) as a function of the CM momentum p (in fm~"), showing that the Wigner similarity cutoff is Awigner ¥ 3 fm~!.

We use the Argonne AV 18 potential as the initial condition [43].

cutoff of 2 fm~!. A somewhat similar situation occurs also for
G waves, as shown in Fig. 6, where now a better fulfillment of
the Wigner symmetry exists for a similarity cutoff of 4 fm=!. It
is interesting to note that the value of the similarity cutoff where

we have the better fulfillment of the Wigner symmetry is not
unique, being different in each of the even angular momentum
waves we considered. Of course, while we do not expect a
priori an exact fulfillment of SU(4) spin-isospin symmetry it
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FIG. 5. (Color online) Comparison between diagonal, V(p, p), and fully off-diagonal, V(p, 0), matrix elements of the SRG-evolved
potentials for the D waves (in fm) as a function of the CM momentum p (in fm™").

is remarkable how well it works by taking into account that
high-quality potentials have not been designed to implement
the symmetry by any means.

With the definitions of the potential we get the simple
expressions

1
Vip, =21 / dzPr()[Ve + Vs + t(We + W), (38)

1

where T =41 — 3.

1 The nontriviality of the Serber symmetry is realized by
. _ . noting that we just change the angle without changing the

Viee =27 /_ 1 dzPL@)[Ve = 3Vs +1(We = 3Ws)l, - (37) nucleons. To elaborate a bit further let us consider the standard
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FIG. 6. (Color online) Comparison between diagonal, V(p, p), and fully off-diagonal, V(p, 0), matrix elements of the SRG-evolved
potentials for the G waves (in fm) as a function of the CM momentum p (in fm™).

Fierz identities. For the spin-isospin operators one gets respectively, even or odd in z:
P1/2/1= %[I—I—U], Pl/g/O' = %[1—30’], [VC_SVS_’_T(WC_E}WS)“*Z
Pry(o1 +02) = —(01 + 02), Pra(o) +02) = —(01 + 02), = [Ve = 3Vs + t(We = 3Wy)llz, (39)
and similar equations for isospin operators. These identities [Ve + Vs + 7(We + Wo)ll -
imply that the following combinations of scalar functions are, = —[Ve + Vs + t(We + Wy)]|;.
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Therefore, the orbital parity of the integrand and the Legendre
polynomial in Eqgs. (37) and (38) are the same and do not
suggest that any of them vanish. Instead, the symmetries imply

0=Vc+ Vs + We + Wy,
Ve =3Vs+ We —3Wg = Ve + Vg — 3We — 3Ws.

We recall that the large-N. analysis of Ref. [29] yields
Ve, Ws = O(N,), whereas W, Vs = O(N!), suggesting
from QCD that Wigner symmetry holds [second line of
Eq. (40)] in the even-L partial waves, exactly as we find here for
the SRG model. Note also that Serber symmetry under those
conditions implies V¢ + Wg = 0. These conclusions have
been analyzed in great detail along several viewpoints [25-28]
and are confirmed here within the SRG. In any case, our results
suggest that it must be possible to impose these approximate
symmetries to a NN potential from the very beginning.

(40)

V. CONCLUSIONS AND OUTLOOK

In the present paper we have analyzed the concept of
long-distance symmetries as applied to the similarity renor-
malization group. We have shown that very similarly to the
case of the Vjowx formulation, the symmetry pattern of Wigner
symmetry in partial waves with even angular momentum as
well as the Serber symmetry in odd partial waves holds for the
SRG cutoff around A ~ 3 fm~!. This is somewhat remarkable
since SRG only provides an exponential decoupling between
low- and high-energy modes, bringing the effective interaction
to the diagonal form, whereas Vi, corresponds to integrate
out high-energy components. It is also noteworthy that the
symmetry arises at scales where in few-body calculations the
induced three-body forces become small [18,19].

In this work we have not evolved the three-body force
through the SRG, so that no statements on the three-body
SU(4)-violating terms can be made, even knowing that in the
two-body case the SU(4)-violating terms get small. From this
point of view the extension of the present results to three- and
four-body forces and the analysis of their symmetry structure
would be of great interest.

The underlying symmetry pattern unveiled by our SRG
analysis appears intriguing and unexpected from the modern
viewpoint of coarse-graining high-quality interactions. From
such a perspective this fits somewhat the vague concept of
an accidental symmetry. Note that here we use the standard
concept of accidental symmetry from quantum mechanics
instead of the field theory one: a symmetry which is realized
although not foreseen.

There is a long tradition on the phenomenological conse-
quences of Wigner symmetry for the properties of nuclei and
nuclear matter (for a review see, e.g., Ref. [48]). A recent work
[49] analyzes the SU(4) pattern of pairing forces within a Vigyx
framework, which quite naturally follow the symmetry pattern.
Our results, in particular the existence of a SRG scale at which
the Wigner symmetry becomes quite accurate, not only provide
a natural explanation for this fact but suggest the pursuit of fur-
ther studies in future work within the current SRG framework.

From a fundamental viewpoint, QCD large-N_.-based argu-
ments foresee fulfilling the symmetry with a relative O(1/N?)

PHYSICAL REVIEW C 86, 034002 (2012)

accuracy, so one does not expect a perfect fulfillment of the
Wigner symmetry. On the other hand, nowhere in the design
and optimization of the modern high-quality interactions
which have been successfully applied to the structure of finite
nuclei was the Wigner symmetry pattern explicitly imple-
mented. In this regard, the accuracy with which by choosing a
suitable SRG scale the symmetry seems to hold suggests that
this is a property of the data themselves which emerges when
the interaction is resolved with a specific length scale and not
so much of the original (bare) potentials used to fit the NN
scattering database. Finally, one should recognize that while
the use of symmetries for coarse-grained effective interactions
is not mandatory we expect by explicit symmetry consider-
ations additional simplifications of the complicated nuclear
many-body problem. Work along these lines is in progress.
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APPENDIX A: WIGNER SYMMETRY FOR NN

For completeness we recall here some features of the
Wigner SU(4) spin-isospin symmetry. It consists of the
following 15 generators:

a 1 a
T =3 XA: 4, (A1)

i 1 i
§'=3 XA:UA, (A2)
(A3)

. 1 .
G = XA:U;‘IX,

where 7§ and fo are isospin and spin Pauli matrices for nucleon
A, respectively, and 7 is the total isospin, S’ the total spin,
and G the Gamow-Teller transition operator. The quadratic
Casimir operator reads

CSU(4) = TaTa + 5 S; + GlaG,’a, (A4)
and a complete set of commuting operators can be taken to
be Csuw), T3 and S;, G 3. The fundamental representation has
Csuw) =4 and corresponds to a single nucleon state with a
quartet of states p 1, p |, n 1, n |, with total spin § = 1/2
and isospin 7' = 1/2 represented by 4 = (S, T) = (1/2, 1/2).
For two-nucleon states with good spin S and good isospin T
the Pauli principle requires (—)5*7 1 = —1 with L the angular
momentum, and thus

C3lw =300 +T14+00)+ %, (A5)

034002-12



SYMMETRIES OF THE SIMILARITY RENORMALIZATION ...
where 1 =1 - and o =0 -0, =
25(S+1)-3.

One has two SU(4) supermultiplets, whose Casimir values
are

L =2T(T+1)-3

Cg(l)J(4) = CSU(4) =9, (A6)
Cgllm) = CSU(4) =5, (A7)

corresponding to an antisymmetric sextet 64 = (0, 1) & (1, 0)
when L = even and a symmetric decuplet 105 = (0, 0) &
(1,1) when L = odd. According to LSJ quantum numbers
we have the following supermultiplets:

('S0,%S1), ('P1,*Po.12), ('D2,°Dya3) ... (A8)

When applied to the N N potential, the requirement of Wigner
symmetry for all states implies

Vi=Wr=Vis=Wrs=0, Wg=Vs=Wc, (A9

so that the potential may be written as

V = Ve + (2C544, — 15)Ws. (A10)

The particular choice Ws = 0 corresponds to a spin-isospin-
independent potential, but in this case no distinction between
the 6,4 and 105 supermultiplets arises.

APPENDIX B: THE INFRARED CUTOFF LIMIT
OF THE SRG

In this Appendix we show that when the kinetic energy is
taken as the generator of the SRG transformations the SRG
evolved potential becomes the standard reaction matrix, i.e.,

Vs(p, p) — R(p, p; p), (BD)

when there are no bound states. To avoid unnecessary
mathematical complications, we will analyze the problem in a
discretized form such as Gauss integration points used in the
numerical calculation. The SRG equation in the basis where

T is diagonal becomes
dVik 2
—— =—(Ei — Ex)" Vi + E (Ei + Ex —2E)Vii Vik.
ds .

(B2)

The discrete representation has many advantages. One can see
that along evolution in the discrete representation one has an
infinite number of constants of motion, —Tr(V") = 0, due to

the commutator structure of the SRG equatlon
The fixed-point solution implies V”‘ = 0, which requires
that [T, V], V] = 0sothat V and [T, V] become diagonal in

'Mathematically, such a property is ill defined in the continuum
limit since even for n =1 one has Tr(V;) = ()OO P> Vi(p, p) =
Jo" r3drV(r, r), which for a local potential V(r, ') = V(r)8(r — r’)
diverges as the momentum cutoff. Also, the trace of a commutator,
Tr[A, B], only vanishes when both Tr(A B) and Tr(BA) are finite, as
the choice A = p and B = x clearly illustrates, since [p, x] = —ih
and hence Tr[p, x] = —ihTr(1) =

PHYSICAL REVIEW C 86, 034002 (2012)

the same basis, not necessarily the one where 7T is diagonal,
ie.,

Vaﬂ = Ua&xﬂv (B3)
0= (TuyVyp = Vay Typ) = Tup(Vp — Va). (B4)
Y

The second equation requires that for o # § then Ty =0,
which means that T is diagonal also. Therefore V;; = v;4;;,
i.e., V is diagonal in the basis where T is also diagonal. If
we write now the Lippmann-Schwinger (LS) equation for the
reaction matrix,

R(p', pik)y =V (p', p)
2 [ V(p',q)R(q, p;k)
+—][ q*dq —
T Jo k*—q

with this normalization the phase shift in the one-channel case
reads

(BS)

tan 8(p)
P

Note that the SRG actually implies that the phase shift is
constant along the evolution, so that one may take any V in
Eq. (BS). The discrete version of this equation for the half
off-shell R matrix, R;; = R(pi, Dj; pi), reads

R(p, p;p) = — (B6)

kal
Rij = Vij + Z Aqgi— (B7)
= p, ai

where the principal value corresponds to excluding the point
in the sum. Thus, for a diagonal potential we get

R,’j = V,'(S,'j. (BS)

Turning to the phase shift and going to the continuum limit we
thus obtain the assertion, so that Eq. (36) is obtained. The proof
also holds for the continuum limit, provided a momentum
cutoff in the integrals is supplemented.

The infrared solution suggests looking for perturbations
around it. Actually, we will see now under what conditions
these perturbations are stable. If we write

Vik(s) = Vidij + AV, (B9)
we get to first order in the perturbation
AV;i(s) = (E; — E)(E; + V; — Ej —

V)AVii(s), (B10)

which yields the solution
AVij(s) = 8ijAVji(00)
+ AVl,j(Oo)e—S(E;—E/)(E;-‘rV;—E/—VJ)AVij(oo).
(B11)

The diagonal part is constant as required by the property
TrV(s) = const. To identify this contribution we use again
the LS equation and find that AV;; = 0 and AV;;(c0) = R;

fori # j. Thus, we get
AVij(s) = (1 — 8;;)R;je s EmENEAVIZE=V)) (B12)

which provided (E; — E;)(E; +V; — E; — V;) > 0. Depar-
tures from it measure some off-shellness of the potential.
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Going to the continuum limit we get for p’ # p

AVX(}?/, p) = R(p/, p)e—s(Ep—Ep/)[Ep-FR(P»P)—Ep'—R(P/»P/)]7
(B13)

where for large p we obtain R(p, p) — —8(p)/p = V(p, p),
which means that at high momentum the kinetic energy
dominates and the fixed point is stable. If there are no bound
states, we have that §(p) never becomes 77 /2 [since Levinson’s
theorem states that §(0) — §(c0) = ngm, with ng the number

PHYSICAL REVIEW C 86, 034002 (2012)

of bound states]. However, for a pole at p = py we get

1

Rp.p)= —
) = o)

reg., (B14)

where reg. means regular contributions, so that for p > py >
p and 8'(pg) > Oor p’ > py > p and 8'(py) < 0 the solution
becomes stable and unstable otherwise. In the 3S; channel
one has §'(pg) < 0, which means that the corrections increase
dramatically for p > py > p’.
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