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New term in effective field theory at fixed topology
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A random matrix model for lattice QCD which takes into account the positive definite nature of the
Wilson term is introduced. The corresponding effective theory for fixed index of the Wilson Dirac operator
is derived to next to leading order. It reveals a new term proportional to the topological index of the Wilson
Dirac operator and the lattice spacing. The new term appears naturally in a fixed index spurion analysis.
The spurion approach reveals that the term is the first in a new family of such terms and that equivalent
terms are relevant for the effective theory of continuum QCD.
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I. INTRODUCTION

The duality between random matrix theory (RMT) and
low energy effective field theory (EFT) has revealed a
plethora of insights in physical systems as diverse as
quantum chromodynamics (QCD) [1,2] and topological
solid state systems which realize Majorana fermions [3].
Most results obtained address average spectral properties of
a central operator for the system in question, such as the
Hamiltonian or the Dirac operator, but also universal
parametric correlations can be obtained from RMT and
EFT [4-9]. The duality between the two approaches is
highly valuable as some questions may be technically
easier to address in one of the two frameworks. In addition
some questions only have a natural formulation in one
approach. One example of this is the effect of the
Hermiticity properties of the operator in question: In the
RMT formulation the Hermiticity properties are obvious
since the operator is directly present; on the contrary, in the
EFT approach these properties are hidden in the low energy
constants (LEC) [10]. In this work we investigate how the
positive definite nature of an operator explicitly appearing
in RMT affects the dual EFT. Remarkably this will allow us
to extend the duality and show that random matrix theory
can be used to discover new terms in the low energy
effective theory. The new terms found are intimately linked
to the topological properties of the theory and appear in the
effective action for fixed topology. Studies of effective
actions with fixed topology are of great value [11] and may
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for example be used to determine the LECs of the effective
theory [12].

The physical realization we study here is lattice regu-
larized QCD. In particular, we focus on the Wilson term
[13] which is essential in order to remove the Fermionic
doublers from lattice QCD; see e.g., [14]. The Wilson term
is a covariant Laplacian [13] and thus positive definite [15],
see the Appendix A. The explicit symmetry breaking of the
Wilson term is well understood in EFT [16-18]; however,
the effect of the positive definite nature of the Wilson term
on the EFT is studied here for the first time. We will
introduce a new random matrix model (RMM),1 which
takes into account the fact that the Wilson term is positive
definite. A general method to derive the next to leading
order terms in the EFT from the RMM is then developed
and used. The resulting EFT uncovers a new term in the
effective action for fixed topology. The term which is linear
in the lattice spacing and the topological index is similar to
an axial mass term. We show that the new term appears
naturally from a fixed v spurion analysis and that it is the
first in a family of such new terms.

We use the EFT to explain why an order a-improvement
of lattice actions does not only move the Dirac eigenvalues
closer to the origin but at the same time also decreases the
width of the distributions, as was observed in lattice QCD
simulations [19].

Finally we consider continuum QCD. We use the fixed v
spurion approach to show that new terms also appear in the
effective action for continuum QCD at fixed topology. We
show that the new terms are fully consistent with the

'We use the abbreviation RMT when referring to the general
topic of random matrix theory and RMM when referring to a
specific random matrix model.
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effective theory at fixed 9-angle [20], despite that there are
no new terms in this action.

Longer derivations are given in the Appendixes along
with a discussion of the axial anomaly at nonzero lattice
spacing.

II. THE NEW MATRIX MODEL

The new RMM with a positive definite analogue of the
Wilson term is defined as (the parameter a > 0 is the
analogue of the lattice spacing)

7V = / dWdAdBP(A, B, W) det(Dy, + M),

ol o} o

The matrix Dy is the RMT analogue of the Wilson Dirac
operator and the diagonal term proportional to a corre-
sponds to the Wilson term. In order to take into account the
positive definite nature of the Wilson term, the diagonal
terms are positive definite Hermitian matrices A €
Herm, (Ng) and B € Herm (N ). We are using a chiral
basis and the integers Ny and N, indicate the number of
right- and left-handed states. As in the original chiral
random matrix theory [1] the matrix W is complex,
W € CN®*N._ The matrix structure ensures that the parti-
tion function has fixed index v of the Dirac operator

aA W}
-w' aB]’

Dy~ |

VENL_NR:Z<Wj|75|Wj>’ (2)

J

where [y ;) are the eigenvectors of Dy,.
The matrices are chosen to be distributed along

P(A, B, W) & detUAAdet”BB€_<N’~+NR>/2(TrW+W+TrA+TrB>.
(3)

This weight is not constrained by chiral symmetry and the
Gaussian form is chosen for simplicity. As the spurion
argument in Sec. IV below shows, the new term in the
corresponding EFT is determined by the chiral symmetries
of the Dyy rather than by the weight. The positive definite
matrices A and B model the Wilson term and the exponents
vy, vg > 0 allow for a variation of the level repulsion in the
spectra of A and B.> These exponents are not constrained by

*Equivalently for integer 1/, (or v5) we could have modeled the
level repulsion by writing A (or B) as A= X'X with X €
CWetra)Ne distributed as P(X) o e~(NetNe)/2TiX'X - which ex-
actly corresponds to A distributed as P(A) o det*s Ae=(NL+Nk)/2TrA
[21]. Thus by writing the repulsion as determinants we generalize to
v, and vg real and positive. We would like to emphasize that the
dyadic structure X*X mimics the structure of the Wilson term, see
Appendix A.

symmetry and will combine into two LECs in the EFT.
Finally, the fermion masses are Mg, M; € CNr*Ny,

The RMM introduced above reduces to the original
RMM for continuum QCD [1] in the limit @ = 0. In this
limit A and B drops out of the Wilson Dirac operator and
the partition function factors into an integral over W, which
equals the partition function of the original a = 0 RMM,
and an integral over A and B which is equal to 1. Note that
contrary to the RMM for a # 0 introduced in [22] it is not
possible to absorb the sign of a into the random matrix it is
multiplied by, and as we show below this introduces odd
terms in a in the effective theory.

This RMM is invariant under parity which interchanges
N; <> Ny (ie., v > —v) and v, <> vg. Note that though
parity changes the sizes of W, A and B the overall size,

NENL+NR, (4)

of Dy, is fixed. Additionally v, —vp is odd under this
transformation while v, + v is even. We introduce w, and
wy such that vy —vp =ww+v and vy + v = wy 20,
and as we show below w, and w;, are the natural
combinations which become LECs in the dual EFT.

III. THE EFFECTIVE THEORY AT FIXED v

The dual EFT is obtained from the RMM in two steps
(for a detailed derivation see Appendix B). The first step is
exact. We express the determinants as an integral over
Fermionic variables Y(®/L) and then average over A, B and
W. After using the superbosonization formula [23] to
exchange the dyadic matrices WR/LTWER/L) with the
unitary matrices U /), we obtain

ZDN/ d,u(UR)d,u(UL)det_NRURdet_NLUL
U

x detstNe(1y +aUg)det"™Ni(Ty +aUp)
Ng

+N
?L(TrURUL +Tr(MRUR +MLUL)) s

(5)

xexp{

where the integration is over the normalized Haar measure.
In the second step we define the counting a ~ m ~ 1/+/n,
where we introduced n with N, =n and N, =n—+v to
simplify the notation. We then substitute Ur = /U, U and
U, = U'\/U,, expand the massive modes like U, =
exp(iH/\/n) =1+ iH/\/n—H?>/(2n) +--- and keep
all terms up to order 1/+/n. Finally, we integrate over
the Hermitian matrix H and get the EFT up to order 1/+/n,
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v — / dﬂ(U)detuUe(N/2+Nf/8)Tr(UM;;Z)-&-M(L")U")—(Na2/4)Tr(U2+U’2)—(N/16)Tr(UM§:)+M(L“)U’l)
U(Ny)

2

% e(NVOTHUMP+M U= +(Na? /8)Tr (UM +M U= (U2 +U2)

w N@ [6)Tr(UP+U3)+(wwa/2)Te(U-U")

Note that the shifted mass matrix Mgi,“/)L =Mpg) +a+

w,,a/N results naturally from the positivity of the Wilson
term.

While the Gaussian form of the weight (3) makes this
direct computation possible, we stress the Gaussian form is
not essential for the terms in the EFT. Likewise, the values
of the exponents v, and vy are not important for the terms
generated in (6), even if the determinant factors are omitted
vy = v = 0, we obtain the same terms in the EFT (with
w, = —1). A general v, and v, however, generates the free
LEC w,. For a detailed discussion of this universality in the
context of RMT at a = 0 see [24].

A word on the counting before we proceed: We here
make use of the p-regime counting for m and derivative
terms therefore also enter at the leading orders in the EFT.
Since it is zero dimensional the RMM does not generate
dynamical terms. However, the virtue of the RMT approach
used here is that we can explicitly derive the corresponding
EFT from the RMM and in this way obtain terms in the
EFT that may have been overlooked in the standard
approach to EFT.

IV. THE NEW TERM IN THE EFT
AND SPURION ANALYSIS AT FIXED v

All terms apart from the last in the effective action of (6)
also appear in [16—18] and this allows us to identify N as
the dimensionless volume where the dimension is set by a
LEC multiplying each term in the effective action.
However, the last term in (6)

wiv o Tr(U = U (7)

has not appeared previously. Note that this new term takes
the form of an axial mass proportional to va.

Let us try to understand why the new term has not
appeared in effective actions previously. From the RMT
side the term could not be generated by the model of [22]
since this by construction was even in a. From the EFT side
[16-18], one writes down the most general effective
action consistent with the symmetries order by order in
a of the Symanzik action at fixed #-angle. However, one
discards all terms that are total derivatives [25,26]. Here, we
consider the theory in a sector with fixed index of the Dirac
operator, therefore in the associated continuum expansion
the topological density, which is a total derivative, will

integrate to v. Including the total derivatives associated with
the fixed topology opens for possible new terms in the
Symanzik expansion, which in turn gives rise to new terms
in the effective theory. As we now show the new term,
wwaTr(U — U™1)/2, has just the right structure from a
spurion perspective.

On this end we now extend the standard spurion
approach to fixed v and show that the new term, (7), arises
naturally in this fixed v spurion analysis. The basic rules for
a fixed v spurion analysis are the same as used for the fixed
6 = 0 spurion analysis in [16—18]: First, since the explicit
breaking of chiral symmetry by the Wilson term at leading
order in a can be restored, provided that we spurion
transform a — gRagz, the lattice spacing can enter the
effective action only through invariant combinations such
as Tr(aU") and Tr(a*U). Second, the effective action must
be invariant under parity which interchanges U < U'. In
addition in the fixed v spurion analysis we must take into
account that volume splits into a parity even part N; + Np
and a parity odd part v = N; — Ny. Hence we naturally
have the invariant combinations (N +Ng)Tr(a*U+aU")
and vTr(a*U — aU") to leading order in a. From a spurion
perspective at fixed v the new term found is therefore
as natural as the ordinary linear term in a. Of course
since typically N; + Ni > |N; — Ng| the new term is of
higher order.

V. THE EFFECTIVE THEORY AT FIXED 6

In order to check that the EFT with the new term is
physically consistent with the standard EFT at fixed 6, we
now derive the partition function at fixed vacuum angle 6.
From the spurion approach no new terms are expected in
Zy, since for fixed 6 the volume does not split naturally in a
parity even and odd part. As we now show by explicitly
deriving Z, this is indeed the case.

We use the relation

Zg(m,a) = io: €7 (m,a) (8)

UV=—00

to define the partition function at fixed 6 for nonzero a.
Note that despite the new term proportional to v in the EFT,
we still have Z, = Z_,, and thus Z, = Z_,. For notational

simplicity we set Ny = 1 where U = ¢® and set the mass

014501-3



KIEBURG, LAURITZEN, SOGAARD, and SPLITTORFF

PHYS. REV. D 103, 014501 (2021)

matrix to m, =M =M =m+a+w,a/N ER,
meaning without axial mass source term. The sum over
v in (8) imposes the constraint 6 + 6 + w,asin(d) = 0
which when expanded in a yields

|

0 = —0 + w,asin(d) — w?a®sin(20)/2 + O(a®).  (9)

We thus

O(1/v/n)

obtain for the partition function up to

Zyg = exp[(Nm, + m,/4 + w,a) cos(0) — Na*/2 cos(20) + w,Nm,asin*(0) — Nm2 /4cos?(0)]
x exp [Nm3 /24cos?(0) — w,Nm2a/2 cos(0)sin(0)]
x exp [Na*m,/2(cos(0) cos(26) + w, sin(8) sin(20) — w? cos(8)sin(6))]
x exp [Na?/3(cos(30) — 3w, sin(20) sin(6))]. (10)

Despite the new term at fixed v, the partition function at
fixed € has no new terms. Z, is, as it should be, perfectly
consistent with the standard spurion approach where the
volume does not split into a parity even and odd part.

The effective theory with fixed @ just obtained allows us
to compute the topological susceptibility

(1?) = =051og(Zy)lg—o = Nm, + O(1).  (11)

Therefore, we have (uz) ~+/N in the counting considered,
and hence the new term is in fact typically enhanced by a
factor N'/4.

1 [= .
Z¥(m) :ﬂ/ dfe="9exp|—acos(0)]

VI. TWO EQUIVALENT FORMULATIONS

It is of course possible also to go back to the partition
function Z* we started from using [11]

Z/(m) = /_ " 407, (m). (12)

:277 7

If we insert Z, from (10) we have a formulation of Z¥ which
contains only standard terms

xexp |[N(m+a) (cos(ﬁ) + asin?(0) —%cﬂ cos(@)sin%@))}

2

X exp '_NTa (cos(20) +2asin(6) sin(2€))]

X exp —% (m+a)?(cos?(0) +2acos(0)sin?(0)) +E (m+ a)3cos3(9)]

[Na?

24

X exp |—— (m+ a)cos(0) cos(20) + NTchos(%’)}

2

X exp %cos(&) .

However, when we shift the integration variable
0 =0+ asin(@), (14)

and expand in a we recover the expression (6) for Z¥ we
started from. Note that the Jacobian

% =1+acos(d)~explacos(d)] (15)

(13)

|
cancels the factor from the é-function. The conclusion is
remarkable: Z¥ has two formulations at the given order, one
including only standard terms and one including the new
term.

The two partition functions (6) and (13) are equal at the
given order. This is similar to asymptotic expansions which
may have different and yet equivalent expressions to a
given order [27]. The different formulations may be useful
for example when determining the low energy constants of
the EFT.

014501-4



NEW TERM IN EFFECTIVE FIELD THEORY AT FIXED ...

PHYS. REV. D 103, 014501 (2021)

VII. APPLICATION OF THE EFT

The EFT (6) may be used to derive properties of the real
eigenvalues 4; of the original Wilson Dirac operator. For
example, we may get the distribution of the chiralities over
the real eigenvalues of the Wilson Dirac operator [9]

i) = (300 - psignlyalrs) ). (16
k
through the relation [9]

p, (1) = ~Im[Z(m = -2)] (17)

T

where the Green function of Dy is

S(m) = <T ;> (18)

T
Dy +m

Hence we compute p, from the EFT by the supersymmetry
technique; see [9] for details on this method. For simplicity,
we consider the quenched case employing the relation

Z(m) = l,lm O logzl\l(m‘m,)v (19)

where the quenched partition function, Zis comprises a
single valence fermion and boson and is given by a
supersymmetric integral. We now show that the overall
structure of the calculation motivates the counting and
allows us to understand the effect of order a improvement
on the real modes of Dy,. The details of the computations
are described in Appendix C.

The counting a ~ m ~ 1/4/n employed here is relevant
as the positive definite order a term will move the real
eigenvalues of the Wilson Dirac operator from the origin to
values of order a. Hence, the Fermion mass m, which in the
quenched supersymmetric partition function becomes the
eigenvalue, cf. (17), must be of the same order. Otherwise
the resulting eigenvalue density will only probe regions
where no eigenvalues appear. Order a improvement of the
lattice action will primarily reduce the LEC of the order a
term in the EFT action [28] and thus correspondingly the
magnitude of the eigenvalue. If the order a improvement is
so accurate that the LEC of the order a term in the EFT
becomes of order 1/+/n, then the relevant counting for the
eigenvalues and hence quark mass in the quenched super-
symmetric partition function becomes m ~ 1/n. Thus
accurate order a improvement will connect back to the
standard e-counting where m ~ 1/n and a ~ 1/+/n. The
EFT derived here, in this way, allow us to monitor the effect
of the order a improvement.

A simple example of this is as follows: Order
a-improvement of the Wilson Dirac operator naturally
moves the eigenvalues of the Wilson Dirac operator closer
to the origin, since the order a-term acts as a mass.
Surprisingly, however, as observed in [19] the distribution

T T T T T
Pximp (A)
-TT px,unimp(/\)
400 R ' N S v-term
200 |- PR
T
B \
B \
'
l' '
l.". l’ ‘\
% >
0 AV
| | | | |

FIG. 1. The distribution of the chiralities over the real eigen-
values of the Wilson Dirac operator, p, (1) defined in Eq. (16). As
the LEC of the leading order a-term is reduced (as for order
a-improvement), the distribution not only moves toward the
origin it also becomes more narrow. Compare to the lattice QCD
data of Fig. 1 in the second entry of [19]. The dotted curves
display the effect of the new term obtained by subtracting from
the full result the result without the new term. The parameters are
v=2,n=100,a=1/y/n, w,=1 and w,, = 0. For the unim-
proved curve the LEC of the leading order term in « is enhanced
by a factor 5.

of the real eigenvalues also becomes narrower when the
Wilson Dirac operator is order a-improved. The action of
(6) offers a natural explanation: The width of the distribu-
tion of the real modes comes from the order 1 and 1/+/n
terms in the action which, we note, includes m. As the
action is order a improved, the relevant eigenvalue and
hence the relevant m used in the supersymmetric method
decreases. This in turn suppresses the order 1 and 1/+/n
terms resulting in a narrower (and hence more continuum-
like) distribution of the real modes of the Wilson Dirac
operator; see Fig. 1 where the effect of the new term is also
explicitly shown.

An other example of how the EFT can be applied is given
in Appendix D, where we show that it can be used to
analyze the spectral contributions to the axial anomaly.

VIII. THE EFFECTIVE THEORY
OF CONTINUUM QCD

It is natural to ask if the new term, (7), is special to the
effective theory for lattice QCD or whether it is also
relevant in the effective theory for continuum QCD [20]
at fixed v [11]. To answer this let us consider the fixed v
spurion analysis in the continuum. Since v is fixed the
volume again splits into a parity even and a parity
odd part, and thus it is as natural to have a new term
vTr(m*U — mU?") in the effective action as it is to have the
usual mass term (N, + Ng)Tr(m*U + mU").

014501-5
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We now show how the new term vTr(m*U — mU") appears in the effective action at fixed v even if we start from an
effective theory at fixed € which only includes standard terms. To simplify we neglect all terms except the mass and the L,
term of [20]. We make use the relation Z,(m) = Zy_o(me®/Nr) [11] and start from

~ 1 ) - ) . ) ~ ) ~
Zy(m)~ A oo du(T)exp [5 VEMTr(e /N T + 0/ 1) = 4Vm2 BAL, T2 (e /N T — /N ) | (20)
’

with By = % [20]. We now integrate as in (12)

1 L ) ~
ZV(m) ~— dOe=v? / du(U
( ) 2”/—;: SU(N/) M( )

1 A . A . ‘ - . .
X exp [5 VEMTr(e /N U + /N UT) — 4Vm?BL, Tr? (e /N1 U — /N1 T7)| . (21)
In this form Z¥ is expressed using standard terms. However, we can shift the integration variable
0 — 9/ 4 igTr(e—iH’/fo]_ eig//N./’INJT), (22)

and choose x = 16mN fB%L7 /X ~1/+/V, such that the contribution from the standard mass term is canceled. With this
change of variables we obtain

1 kg ) N
ZV(m) ~— | dOe / du(U
( ) 2”/—n SU(N/) M( )

8mB2L L ~ L - 1 L - - -
X exp [%Tr(e"e/NfU + N ) + EVZmTr(e_’e/NfU + e?IN )

16N /B3L,

S Tr(e0/Nr T — /N T | (23)

X exp [um

(The first term in the second line is the Jacobian.) After the

—_— N N
- Ps (()\5)) integration over @ and U the partition function in the standard
p ?s’; representation, (21), is equal to the partition function with the
400 | " P5,X()\5) 8 new term, (23), to the order we work at. Again the different

formulations are similar to how asymptotic series may have
different but equivalent expressions [27].

The LEC of the new term is proportional to L; which
according to best fits [29] is nonzero. We therefore
conclude that new term is relevant for the effective action
for continuum QCD at fixed topology. The new equivalent
formulation of the EFT can perhaps be useful in determin-

200 - 1

F-- Smeeel e l | l l ing the low energy constant L,. In particular we stress that
—0.04 —0.02 0 0.02 0.04 in the new formulation (23) the squared trace in (21) is
\5 changed for terms linear in the Goldstone field.

IX. GENERALIZATIONS

The fixed v spurion analysis allows us to identify a

FIG. 2. The eigenvalue density ps(4°) (blue solid), the distri-
bution of the chiralities ps_,(4) (red dashed) and the symmetrized

version p{’) (2°) (black dotted), for m = 0,a = 0.1//m, n = 100,
w, =1, w,, = 0 and v = 2. Note that p?))((/is) is fully dominated
by the near topological modes.

family of new terms in the effective action at fixed
topology. All we need to ensure is that the action must
respect parity and that volumes N; + Np and N; — Np

014501-6
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must only enter to first power such that the action is
extensive. For example vTr(m*U — mU")Tr(m*U + mU")
is a perfectly valid higher order term in the continuum
effective action at fixed topology.

Related we may ask if the shift of variable as in (14) and
(22) is unique or if there are other possibilities. On this end
we note that the shift of variable (22) is Hermitian, respects
the standard spurion structure and is parity odd. Other shifts
are possible and as long as they respect this all new terms
generated automatically conserve the fixed v spurion rules.

Finally we note that effective actions for QCD where
topology is directly linked to the Goldstone field has a long
history, see eg. [30], but we stress that the terms considered
here are of a different nature.

X. SUMMARY

Our analysis of a new RMM for lattice QCD with a
positive definite analogue of the Wilson term has revealed a
new term in effective actions at fixed topology. We have
extended spurion analysis to fixed topology and used this to
show that the term is the first in a new family of terms.
While the new terms were discovered in the context of the
EFT at nonzero lattice spacing we have shown that they are
relevant even for the effective theory of continuum QCD. In
particular, we have explicitly shown how the new terms at
fixed topology can arise starting from an effective action at
fixed € including only standard terms. The effective theory
including the new term has been used to discuss the effect
of order a improvement as well as to obtain new insights in
the spectral contributions to the axial anomaly. Both of
these insights have been obtained by explicitly deriving the
relevant spectral correlation functions using the super-
symmetric technique.

It would be most interesting to explore if the formulation
of the effective theory with the new term present can be
used to obtain better bounds on the physical parameters

42‘!’1

x€T

a3 I

xeT

a3 (U,

x€T

<l//l|v/l ll/2>

—ae

where we shifted the sum in the last line. A similar
computation holds for V; and hence we have
(Vi)' = =V, This implies that V, =1(V, + V) is
anti-Hermitian (V,)" = —V, which further renders the
Dirac operator ¥ = y*V, anti-Hermitian (in Euclidian
signature y* are Hermitian). We can define the covariant
“Laplacian” A that occurs in the Wilson term

A=Y (V)Y
i

(A4)

wo(x +ae,) —

Wl (x - aeﬂ)

which appear as low energy constants in the effective
theory.
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APPENDIX A: PROPERTIES OF THE WILSON
DIRAC OPERATOR IN LATTICE QCD

For completeness this Appendix reviews some of the
properties of the Wilson Dirac operator following the
setup described in [15]. In 4 dimensional lattice QCD
we discretize the Euclidean spacetime with some lattice
spacing a such that we consider a lattice 7 C R*. The
spinor fields y(x) live on the lattice sites and take values in
C* ® CNe, where N, is the number of colors in the SU(N,.)
gauge symmetry. We can further equip this space of spinor
function with an inner product

(wilwa) = a*> w1 () ya(x)

xeT

(A1)

The gauge field resides on the bonds of the lattice as
parallel transporters U, (x) taking values in the gauge
group. In particular U, (x) parallel transports a spinor from
X+ ae, to x, where e 4 is a unit vector in the uth direction.
This allows us to write covariant forward (backward)
difference operators

v;fl//(x) = Uﬂ(x)W(x + aeﬂ)
Vaw () = w(x) — U, x -

We can then compute the Hermitian conjugate of VI with
respect to the inner product (A1)

—y(x),

ae,)'y(x —ae,). (A2)

wa(x))

)y (x + ae,) — i (x) Ty (x)]

—y1(x) o (x) = (A3)

(=Vaiwi|wa),

|
which is clearly Hermitian and semi positive-definite as

(w|Ay) (A5)

=Y (Viw|Viw) >0

u

Finally, we can state the full Wilson Dirac operator

1 1
" (avﬂ) * (#)’

a

2

Dy (A06)
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APPENDIX B: FROM RMM TO EFT

In this Appendix we give details on how to derive the EFT from the RMM. As above we consider the random matrix
model defined in Eq. (1) and first rewrite the determinant as fermionic Gauss integral

7V / dWdAdBd¥det*s Adet’s B exp [—(n + v/2)(TtWW' + TrA + TrB)]

x exp [Tr(MgPR WER) 1 M, WO PL)) — qTrAPRWR _ G TrBPL)PL)']
x exp [~TrWPE @R L Trw gL, (B1)

where W(R/L) has indices in both flavor and “RMT” space i.e., ‘I’Ef) withi=1,...,nand f=1,...,N Iz Further we write
PLWR' a5 shorthand for ‘PE;)‘P;?)* and YL @E) for ‘Pgﬁ)*‘ng). One can now show through series expansion that
det(1, + PROWR) = det~! (1 + PR PR where the inverse is due to the anticommutative nature of the ¥s. We can
then solve the integrals over A and B using fHenm(") dA det’ Ae™TAC « det™" C and the W-integral using standard
Gaussian integrals

T

7V x / d¥det™"[(n + v/2)1 + a®® PR det>~"[(n + v/2)1 + aP L) " PL)]

TryOYR PRPYL) L Tr(M PR PR 4 g, L gLy (B2)

<o |-
Using the superbosonization formula we exchange W(R/L)'W(R/L) (n+v/2)Ug), € (n+v/2)U(Ny) and simulta-
neously factor out (n + v/2) of the determinants as

7Y / dﬂ(UR)dﬂ(UL)det_"URdet_”_”ULdet”A+”(1] —+ aUR)det”B+”+”(1] + aUL)
U(N)®*
X exp [(n n ;) (TrURU, + Tr(MgUpg + MLUL))} . (B3)
We can then shift the integral as U, — Ug'U, followed Uz — /U Uy and identify U = Uy and U, = U,

7¥ x / d,u(U)dﬂ(Ua)det”Udet"l"“/zUadet”A+’1(1] + a\/UaU)det”ﬁ”*”(]] + aU"\/Ua)
U(N,)®?

X exp Kn + %) (TtU, + Tr(Mg\/U,U + M U @))] : (B4)

. . . . 1
After that a saddlepoint approximation can be performed around U, = 1, where we use the counting Mp ~M; ~a ~ NG

Thus we expand as U, = 1 + ﬁ —3-H*+ - with H Hermitian and collect terms up to ﬁ

7'~ / du(U)dHdet'U

_N a a 2
X exp ETr(MEQ)U + U_IM(L)) —%Tr(U2 + U_Z)]

3
X exp %Tr(U3 +U3) —|—wtugTr(U— U")]

[ 1 ] a a
x exp |~ TrH? + %Tr(H(M%)U + UMY )))}

- . 1 . . . 2
X exp |- ——TrH® — gTr(HZ(MEQ)U + UMY - @Tr(H(UZ +U2)), (BS)

6v/n
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where we define vy —vp = wyr +v, v, + v, = w,, and the shifted mass matrix M;ea/)L = Mg/, +a+wya/N. We can
then shift the integral in H by the linear term (it is sufficient to shift by the linear term in the third line) and expand

the ﬁ—suppressed terms

7' / du(U)dHdet'U

N a a
X exp ETr<M1(?)U + UMYy -

2
%Tr(w + U—2)}

3
X exp %Tr(m + U +%Tr(U - U‘l)]

1 a a
xexp | =3 TrH? - gTr((M;)U + UMY ))2)}

a a 1 a — a
x |1 =2 Te((MOU + UM@Y) —gTr(HZ(M;>U+ U M)

48

n a o (a na
+—Tr(MY'U + U~ M)3) +

32

Tr(MYU + U~ M) (U2 + U—Z))} , (B6)

where we neglected odd powers of H as they vanish due to symmetry (after the shift). The average over H is essentially a
constant (1) = 1 and a nontrivial term (TrH?A) = N,TrA so that we get after re-exponentiation

2 8

N N a @, Na’
7 /dﬂ(U)det”Uexp {(——l——f)Tr(M%)U—l— U-'m\Y) —T"Tr(U2 + U—2)}

N a a N a — a
X exp {—Tr(M;>U+ UMY+ e (MU + UMY ))3}

16
2

N . . N&®
X exp {TaTr(MfR)U + UMY (U2 + U2 +TaTr(U3 + U +%Tr(U - U“)}

APPENDIX C: THE SUPERSYMMETRIC
TECHNIQUE

In order to obtain the various spectral correlation
functions p,, ps, etc. from a given effective theory, we
employ the so called supersymmetric (SUSY) technique;
see eg. [31,32]. The actual partition function of interest has
N flavors. The idea of SUSY is to add two valance flavors,
one of fermionic statistics and one of bosonic with masses
and axial masses m, z and m’, 7/, respectively. The partition
function including the new valence flavors takes the form

Ny
x | | det(Dy + my),
7=

det(Dy + m + y°z)
det(Dy + m' + y>7)

()

where the path integral is taken over the sector of
topological index v. The main observation is that in the
limit m' - m and 7' — z the partition function (Cl)
coincides with the original without valence flavors. Thus

192

(B7)

we can derive certain statistics with respect to the original
ensemble by differentiating Z;/vf i with respect to m and z
and subsequently taking the aforementioned limit. In

particular we can calculate the following resolvents:

.0
X(m,z) = Biﬁa_mlogzzywu

1
()
Dy +m+yz

.0
Ys(m,z) = Biﬁa—zlog ZZ”VfH‘1

5 1
(N () @
Dy +m+yz D5+ 7

From the resolvents we can directly obtain the spectral
correlation functions. As an example we work out the
relation for ps(1%), i.e., the spectral density of
Ds = y°(Dy + m). As Ds is Hermitian we can write the

(C2)
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expression for X5 in the eigenbasis of Ds, letting z =
—2°> — ie we have

Ts(m,z = =4 —ie) = <;/1]5(_/115_l€>
= in<zk:5(/12 —15)> +.... (C4)

where we use the Sokhotski-Plemelj theorem and
“...” denotes the real part. This immediately gives us the
relation

ps(iF) = <§k}s<z5 -)

1

= —ImZs(m, z = —=1° + ie). (C5)
n

Similarly for D5 one can derive the following relation:

P (1) = <Za<&5 - /12)<wilyslw2>>
k

1
=—ImZ(m,z = =A° + ie).
n

(Co)

For the Wilson operator we can also compute the distri-
bution of the real eigenvalues of Dy, weighted by either the
sign or the value of the chirality yielding p, (1) [9] and

Pconty (’1)

> G- ﬂk>sign<wk\y5|wk>>

k: A eR

i) = {

1
= ;ImZ(m = -1,z = —ie), (C7)
prona®) = (3 832 b))
k: A €ER
1
= ;ReZ(m =—il—¢€,z=0). (C8)

In particular we can use the above to derive spectral
densities of chiral effective theories, where the partition
function is expressed as a integral over the Goldstone
manifold U(N).

To accommodate for the valance flavors we extend the
integration manifold to GI(N s + 1|1) [32]. The Lagrangian
of (6) is effectively promoted to being supersymmetric
by replacing traces and determinants with their SUSY
counterparts, i.e., Tr — Str and det — Sdet. This leaves the
question of parametrization of U € GI(N; + 1|1) and its
accompanying measure. For simplicity we consider the
quenched case N = 0 and use the parametrization of [32]

e 0 0 «a do
U= [ 0 es] exp[/j 0], d,u(U)—Edsdﬁda, (C9)

with 0 € [-x, 7], s € (—o0, ) and a,  Grassmannian.
Hence we arrive at the SUSY integral representation of the
graded partition function

do N a o N
z, = / 5 dsdpSdetUexp {iEStr(Mﬁe v - M) - TaStr(Uz + U—Z)]

[ N a a

X exp —EStr(MpU - U_IM(L )2
[ iNa?

X exp |—

X exp i Str(U + U‘l)},

where we shifted the integral as U — iU to ensure con-
vergence [9,22]. At this point it is straightforward, but
rather tedious to expand out the Grassmann part of
the exponent and solve the Grassmann integral. This
leaves the partition function as an integral over the 6
and s, which can be differentiated to find X and X5. The
remaining two-fold integral can be numerically integrated
to yield the spectral functions ps, ps,, p, and peoy, as
described above.

iN . L
~ 1oz SUMU U 1M(L))3]

a a .N 3
Se(MWU - U MO (U2 + U?) - %Str(U3 - U‘3)]

(C10)

APPENDIX D: THE AXTAL ANOMALY

In this Appendix we use the EFT to discuss the spectral
contributions to the axial anomaly. As shown by Fujikawa
[33] the response of the Fermionic measure to an axial
transformation

ly) = ') = e"y),  (y| = (W] = (ple™s®

014501-10
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includes a nontrivial Jacobian J. Here, we extend the

argument of Fujikawa to nonzero lattice spacing by using

the eigenvalues and eigenvectors,
Dsly) = lw), (D1)

of the Hermitian Wilson Dirac operator, Ds=y5(Dy, +m).
We follow the proof of Fujikawa and obtain

= exp (=Y wirshed) ).
k

Fujikawa regulates the infinite sum as

(D2)

o . 5 5 252 /A2
J = lim eXp< lazk:<wklhlwk> exp(—Ay2/A )),

where A is the width of the regularization. Subsequently, he
reformulates the regulator to show that the sum equals
the topological index v of the gauge field configuration.
We follow a different path and consider the quantity

25

which allows us to turn the sum in the exponent of J into an
integral. To understand the integrand in the exponent, we
introduce the ensemble averaged distribution of the chir-
alities over the spectrum of Ds

/15 l//k|7’5|l//k> (D3)

ps, (%) = <Za ) wk|y5|wk>> (D4)

We have the relation
5 1 5
s () = Im[S(m. 2 =~

where the Green function of Dyy is

1
Smz)=(Tr—— ) = (Tr 5\, (DS5)
Dy +m + zys Ds +z

Hence we may compute ps, from the EFT by the
supersymmetry technique as outlined in Appendix C.
The outcome is most interesting: The resulting ps ,(4°)
has a 1/2° tail for 2° > m, a. Hence, the Riemannian
way of integrating it would produce a logarithmic diver-
gence instead of reproducing the topological index wv.
One needs to understand the integral over Ps,;((/ls) like a
principal value integral, in particular we need to integrate

J5° p8)(A%)d2® = v with

PELI) = ps () + ps (= 7°). (D6)

The integrand is then completely dominated by the topo-
logical peak, as illustrated in Fig. 2, where we also plot the
level density ps(4°) of Ds = ys(Dy, + m) [22]. We stress
that this is fully consistent and the natural extension of
Fujikawa’s result.
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