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Abstract

Dirac operator eigenvalues split into two when subjected to two different external vector sources.
In a specific finite-volume scaling regime of gauge theories with fermions, this problem can be
mapped to a chiral Random Two-Matrix Theory. We derive analytical expressions to leading order
in the associated finite-volume expansion, showing how individual Dirac eigenvalue distributions
and their correlations equivalently can be computed directly from the effective chiral Lagrangian
in the epsilon-regime. Because of its equivalence to chiral Random Two-Matrix Theory, we use
the latter for all explicit computations. On the mathematical side, we define and determine gap
probabilities and individual eigenvalue distributions in that theory at finite IV, and also derive the
relevant scaling limit as N is taken to infinity. In particular, the gap probability for one Dirac
eigenvalue is given in terms of a new kernel that depends on the external vector source. This
expression may give a new and simple way of determining the pion decay constant F; from lattice
gauge theory simulations.
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1 Introduction

One of the most challenging — and perhaps most interesting — problems associated with lattice gauge
theory simulations of QCD is that of the chiral limit. Based on a variety of different approaches it is
now possible to perform numerical simulations of the theory with two light dynamical quark flavours,
at least in modest space-time volumes. By “light” quarks we mean quarks that are very close to the
actual physical masses of the v and d quarks in QCD. Even if the masses of the physical v and d quarks
had turned out to be much heavier (on the typical QCD scale Agcp), one would like to explore the
chiral limit of the theory in it own right. This is because the theory in this limit separates into to
two disjoint regimes, of which the low-energy part can be treated in a systematic manner by means
of effective field theory: the chiral Lagrangian based on the spontaneous breaking of chiral symmetry.
This low-energy theory of QCD with very light quarks can be understood in much the same way that
the low-energy limit of QCD without quarks matches on to an effective string theory description, and
both limits are of interest.

The so-called e-regime of QCD [I] is particularly useful for studying the chiral limit of QCD in
finite volume. It is well known how a universality class of chiral Random Matrix Theory [2] provides
an intriguing alternative description of the leading-order expressions for Dirac operator eigenvalue
correlation functions in this regime, results that also can be derived directly from the low-energy
effective field theory [3, [4]. Even the distributions of individual Dirac operator eigenvalues follow
from a systematic expansion in the chiral Lagrangian framework [5]. All of these analytical results
depend on just one single low-energy constant of QCD, that of the infinite-volume chiral condensate
Y. From a lattice gauge theory viewpoint, this provides a new and unusual way of determining this
low-energy constant of QCD by measuring the lowest-lying Dirac operator eigenvalues. For some
numerical analyses see, e.g., refs. [6l [7].

Recently, a new scheme was proposed which uses Dirac operator eigenvalues for determining the
pion decay constant F; in a somewhat similar manner [8]. Based on the chiral Lagrangian formulation,
the suggested method made use of a spectral 2-point function associated with two different Dirac
operators,

D1 = [P(A) +ipolut” = ixVei"
Doyd” = [D(A) +ipnoled” = aASVu (1)
corresponding, in the case u = u1 = —us, to imaginary isospin chemical potential. Equivalently, the

two Dirac operators (I.I]) are simply in a constant background Abelian gauge field, but with different
“charges”. In the e-regime, the chemical potential u couples directly to F in the form of the finite-
volume scaling variable i = uF;vV. Because the sensitivity to u is quite drastic for the spectral
2-point function, this provides a clean method for extracting Fy. There is sensitivity to the parameter
i (and hence Fy) also in other observables in the e-regime [9] [10]. Alternatively, one may use a real
chemical potential to determine Fy [I1], with the same finite-volume scaling. The Dirac spectrum is
complex in that case.

The chiral Lagrangian approach of ref. [§] can, to leading order in the e-regime, also be re-cast in
terms of Random Matrix Theory, this time a Random Two-Matrix Theory [12]. All eigenvalue density
correlations are equivalent in the two theories [8 [4]. One loop corrections to both ¥ [I] and F; [13]
have been computed in the e-expansion. To that order they simply amount to finite-volume corrections
to the infinite-volume quantities > and Fj; the effective theory otherwise remains unchanged. It is
of course important to know the size of these finite-size corrections if one wishes to determine ¥ and
F; from the eigenvalues of the Dirac operator by means of lattice gauge theory simulations at finite
volume. An alternative method for extracting 3 and F}; in the e-regime of QCD can be based on fits to
vector and axial vector two-point correlations functions; also here finite-volume corrections are know



analytically at sectors of fixed gauge field topology [14]. See the recent review [15] for a summary of
these different approaches.

In the Random Matrix Theory formulation analytical computations are substantially simplified,
and in ref. [12] all possible spectral density correlation functions associated with the two Dirac opera-
tors were found analytically. This includes all spectral functions in both the quenched and unquenched
theory, and even all spectral correlation functions associated with “partially quenched” spectral cor-
relation functions, where there is no back-reaction of the chemical potential on the gauge field config-
urations. This latter set of spectral correlation functions give the most fruitful way of extracting Fj
from lattice data since one can make use of ordinary configurations without chemical potential. Once
all spectral correlation functions are known, one should in principle have all spectral data, and thus
be able to reconstruct individual eigenvalue distributions as well. Indeed, this was precisely what was
found in ref. [5] for the case without imaginary chemical potential. In the first part of this paper we
show that this is also the case here[] It was also shown in [18] that in the quenched theory in the limit
of large chemical potential all spectral and individual eigenvalue correlations factorise into quenched
one-matrix theory quantities.

In the second part of this paper we aim at determining in as closed form as possible the precise
analytical expressions for individual eigenvalues distributions. Such expressions may turn out to be
very useful alternatives for extracting F from lattice simulations in those cases where only a very
small number of “good” eigenvalues are available, and where it therefore may be difficult to construct
the spectral 2-point correlation function with good statistics. Here we concentrate on the smallest
eigenvalue, but provide the general framework for computing others. Based on the Random Two-
Matrix Theory representation, we derive an explicit and quite compact representation for any finite V.
Taking the scaling limit with N — oo, this provides the sought-for analytical expression for the lowest
Dirac operator eigenvalue distribution in the appropriate finite-volume scaling regime. Remarkably,
the final expression is not much more involved than the one without external vector sources.

From the point of view of mathematical physics, the resulting solution for the distribution of the
smallest eigenvalue in the chiral Random Two-Matrix Theory is of interest in its own right. The
solution cannot be mapped on to an analogous one-matrix theory, so the distribution is new and
presumably corresponds to a new universality class that is parametrised by one real number 5. For
this reason we include a rather detailed derivation, even though the resulting formula is all that is
needed for the purpose of applications to lattice gauge theory simulations.

2 Eigenvalue correlations in chiral Random Two-Matrix Theory

We start by giving the theory we will solve for individual eigenvalue correlations, chiral perturbation
theory in the epsilon regime with imaginary chemical potential

20N :/ dU (det U)ue%VFﬁTr[U,B}[UT,B}—i-%ZVTr(MTU—i—MUT) ' (2.1)
U(Ny)

Here the matrix B =diag(p11n,,p2ln,) contains the two different chemical potentials, and M =
diag(my, ... ,me) is the quark mass matrix of the Ny + No = Ny flavours.

This theory and all its spectral density correlation functions are completely equivalent to the
chiral Two-Matrix Theory with imaginary chemical potential that was introduced in ref. [12]. The
equivalence for the two-point function follows from [§], for all higher density correlations it was proven

LA preliminary account of this was presented at a conference last year [I6]. A comparison with Monte Carlo data
from lattice gauge theory was presented at the same meeting [17].



n []. It is defined as

N1 N2
AL /d@d\II e NT(@1HVY) TT qet[Dy +myp] [ det[Ds +myo] | (2.2)
f1=1 f2=1

where Dy is given by

B 0 i® + iV B

The operator remains anti-Hermitian because the chemical potentials are imaginary. Both & and ¥
are complex rectangular matrices of size N x (N + v), where both N and v are integers. The index v
corresponds to gauge field topology in the usual way.

Referring to ref. [12] for details, we immediately write down the corresponding eigenvalue repre-
sentation:

N No
N l/
ZIE 2 = / H dx; dyz xzyz i H LE +mf ) H (yi2+m§”2)
i=1 fl=1 f2=1
N
x  An({?)An({y2}) det [I,(2dNz;y;)] eV i cwi+eau (2.4)

up to an irrelevant normalisation factor. Here the x;’s and y;’s are the real and non-negative entries
in the diagonal matrices X and Y, defined by

& = P+m¥ = U XV,
Dy = P+pp¥ = UpYV) . (2.5)

Because of this redefinition the matrices ®; become coupled in the exponent, leading to the above
structure after integration out the unitary matrices U; and V;. This leads to he following combinations
of the two chemical potentials in eq. (2.4):

a = (1+m3)/0*, e = 1+u])/s,
d = (14mp)/8*, 1—7 = d*/(c1ca) ,
6 = p2—p, (2.6)

where the latter will become useful in section @l
The joint probability distribution function which is proportional to the integrand in eq. (24 is
defined as

N Ny N2
N 1 v
$ f)({a:},{y};{ml},{mQ}) = 20 (i) H (7 +mFy) H (y7 +mF,)
v =1 fl1=1 f2=1

x Ax({*1)An({y?}) det [1,(2dNw;y;)] e N T arireavi (2.7)

where Ax({z?}) =[] Pl(x? — z7) is the Vandermonde determinant. It is normalised to unity

/ Hdwzdyz S0 ({2}, {y)s {ma ), {ma) - (2.8)



From the joint probability distribution we can define an (n, k)-density correlation function

Rullehe W) = o= / T doi TT dos P (God, s . o)

i=k+1 j=l+1

N2
_ 2.9
(N — k)N =1)! ZIENf) (2.9)
w N N )
< [T dai T dugeet [0l ()] An(a?DAN (2D,
0 imk+1  j=I+1
where we have moved the exponential and masses into the determinant, introducing
(Ny) 24 cay? 0 o
wy M (wi,y) = (viyy) T e_N(Clxi+c2yj)[,,(2deiyj) H (2 +m3:1) H (y? —I—mch) . (2.10)
f1=1 f2=1

Obviously Rpp = 1 is normalised to unity. The Ry ;({z}r,{y}:;) can be expressed in terms of a
determinant of four different kernels. These are given by the (bi-)orthogonal polynomials and their
integral transforms with respect to the weight function eq. (2.I0), and we refer to [12] for details. The
Ry 1({z}k, {y};) will be the building blocks to compute the gap probabilities as well as the distributions
of individual eigenvalues of both type x and y.

We define the following gap probabilities as

N!2 s ) t [e'e)
EkJ(S,t) = ( — —l' / diﬂldl’k/ dl‘k+1...dl’N/0 dyldyl/t dyl+1...dyN
X 73,, ({:17} {y};{m1},{meo}), for k,1=0,1,...,N |, (2.11)

where in the sequel we suppress the dependence on masses and topology for simplicity. The Ej (s, t)
give the probability for general k,1 € {0,..., N} that the interval [0, s] is occupied by k z-eigenvalues
of Dy and [s,00) is occupied by (N — k) z-eigenvalues, and that the interval [0,¢] is occupied by [
y-eigenvalues of Dy and [t, 00) is occupied by (N —1) y-eigenvalues. It also depends on the masses and
on fi1,2 which we have suppressed here.

Similarly we can define the probability to find the k-th z-eigenvalue at value xp = s, and the [-th
y-eigenvalue at value y; = ¢, to be

N N s (o) t o]
Pri(s,t) = k:<k>l<l>/ dml...dznk_l/ d:nk+1...d:17N/ dyl...dyl_l/ dyis1 ... dyn
0 s 0 t

N
l(/ f)(xly' s L1, Tk = S, T41y++ -3 LN Y1y - -, Yi—1,Y1 = tayl-i-ly- .. ayN;{ml}a{m2})-

(2.12)

X

Here the eigenvalues are ordered, 1 < ... < zy and y; < ... < yn, and obviously k,l > 1. The fact
that the py (s, t) are probabilities that are normalised as

/ ds/ dt pr(s,t) = 1, (2.13)
0 0

can be seen along the same lines as for a single set of Dirac operator eigenvalues, as was shown in the
appendix of [5].



Because we have two sets of eigenvalues we may also define mixed gap-probability distributions as
they will occur in intermediate steps. There are two different functions defined as

N! N s o] t [e¢)
Eka(S,t) = 7'l< >/ diﬂldl’k/ dl‘k+1...dl’N/ dyl...dyl_l/ dyl+1...dyN
(N =K\ 1) Jo s 0 ¢
,PIENf)({x}vylv e Y191 = tvyl-i-l)' < YN {m1}7{m2}) 3
fork=0,...,N andl=1,...,N | (2.14)
N N! s o] t (o)
pEkJ(S,t) = k’< >7l')/ d:L'l...dl’k_l/ dl‘k+1...dl’N/ dyldyl/ dyl+1...dyN
b 0 s 0 t
x P (@, ke wn = s, oo (ks () {ma))
fork=1,...,N andl=0,...,N . (2.15)

The first quantity eq. (2.14]) gives the probability that [0, s] is occupied by k of the z-eigenvalues of
D; and [s,00) is occupied by (N — k) of the x-eigenvalues, given that y; = ¢, where the y-eigenvalues
are ordered. The second quantity eq. (2.I5]) gives the probability that [0,¢] is occupied by [ of the
y-eigenvalues of Dy and [t,00) is occupied by (N —[) of the y-eigenvalues, given that xj = s, where
again the x-eigenvalues are ordered.

These definitions include for example the probability pEj o(s,t = 0) to find an eigenvalue of the
first type at x = s, where all y-eigenvalues are integrated out. We will return to this in section @l

3 Gap probabilities and individual eigenvalues from densities

We use the simple identity

(a— b)Y 2]: ()aﬂ'—lbl , (3.1)

=

and choose a = [ dx and b = [ dx to replace all the (N — k) da-integrals [;°dx in eq. 2Z.II) by
a — b, and likewise for the corresponding y-integrations. We obtain

N!2 s t
EkJ(S,t) = (N—k)'(N—l)'/ da:ldxk/o dyl...dyl
N—k

S (V) () e

%; < VYT o PO 3 ) o)

X

Jj=0
NoENL(_pyiti ps .
= T /dﬂfl---dxk—l—i / dyy ... dyi+j Riqigrj (1, Thais Y1o- -5 Yigg)-
=0 j=0 itj! 0 0

(3.2)

Here we have used the invariance of the joint probability distribution under permutations of both
{z} and {y}. The formula ([3.2)) neatly expresses the gap probability in terms of spectral correlation
functions of both sets of eigenvalues. The latter can be derived from k-point resolvents in chiral
perturbation theory by enlarging eq. (2.I]) to the corresponding supergroup integral, see [4]. Thus we



have shown how in this setting also gap probabilities and individual eigenvalue distributions follow at
the level of the chiral Lagrangian.
We may introduce a generating functional for all gap probabilities,

1
il

E(s,t:6m) = Y (=&)'(-n)

s t
/ d:L'ldl‘Z / d:L'l...dl‘j Ri’j(ZEl,...,ZEi, yl,...,yj) s (3.3)
i,j=0 0 0

where the term at ¢ = j = 0 gives unity. It immediately follows that

k 1
Eri(s,t) = (=1 g—gk a%l E(s,t;{,n)‘ , fork,l=0,1,...,N . (3.4)
E=1n=1

We will now relate gap probabilities, mixed and individual eigenvalue distributions to density corre-
lations. It can be easily shown that

0
55 Brals:t) = KL(pEri(s,t) = pEyi1i(s,1)) - (3.5)
For k =1 =0 we have 9
%EO,O(Sat) - _pEl,O(Sat) ) (36)
as from the definition pFEj; has k > 1, and thus we set pEy;(s,t) = 0. Similarly it follows
0
aEk,l(Sy t) = U (Epki(s,t) — Eprivi(s,t)) , (3.7)
where again Epy o(s,t) = 0. If we differentiate the mixed correlators we obtain
0
&Epk,z(s, t) = k'(pru(s,t) = prr1a(s;t)) , (3.8)
0
EpEk,l(Sa t) = l' (pk,l(s, t) — pk7l+1(8, t)) . (39)
Finally, if we differentiate the gap probabilities twice we arrive at
82
mEk,l(Syt) = K U (pri(s:t) — pry1a(s:t) = Prasa(st) + Petig41(s,t)) - (3.10)

Of course the order of differentiation does not matter, as one can easily convince oneself. The boundary
conditions to be imposed here and in eqgs. ([B.8) and (39]) follow from

2
Fegp Lro(s:t) = = Kl (pra(s,t) = per1a(s,1))
2
mEO,l(Sat) = — U(pri(s,t) —priyi(s,t)) . (3.11)

Again from the definitions we have py o(s,t) = po(s,t) = 0.
The probabilities py (s, t) can be solved for the (mixed) gap probabilities in three different ways.
Summing over k in eq. ([B.8]), or over [ in eq. ([39) we obtain

" 190
pn-i-l,l(svt) = _ZH&EPICJ(SJ)?
k=0
“.19
Phon+1(5,1) - ﬁngk,l(Syt) : (3.12)
=0

7



Alternatively one can sum over both k£ and [ in eq. (3.I0) to obtain an expression in terms of gap
probabilities alone

pn-l—l,q-i—l S, t - +ZZ k'l' a at k7l( 7t) : (313)

Let us give some examples. For the smlplest case of Kk =1 = 0 we get the probability that the
interval [0, s] is free of z-, and the interval [0, ] free of y-eigenvalues:

0 NV N
Eoo(s,1) / Hdwi / [T v P () {wh: {ma ) {ma) (3.14)

and we obtain )

dsot
Explicitly we have for this gap probability the expansion eq. (B.2]) given already in [16]

2 Foo(s,t) = pia(s,t) . (3.15)

E(],o(St = 1—/ dZL'Rlo /dyR01 /d:ﬂldl‘QRQ(](:El,:Eg)

+§/ dyirdys Ro2(y1,y2) + ...
0

S t 1 S t
+/ dl‘/ dyRi1(x,y) ——/ dl‘ldfﬂz/ dy Ra 1 (w1, 22,y)
0 0 2 Jo 0
1 s t
_5/ dl‘/ dy1dys RLQ(ZE,yl,yg) + ... (3.16)
0 0

The terms in the first two lines containing only s- or t-dependent integrals are annihilated by the
differentiation in eq. ([B.I3]), and we get to the same order

t
p11(s,t) = Ria(s,t) / dx Ry i(x,s,t) — / dyRi2(s,t,y) + ... . (3.17)
0

4 An exact expression for the first eigenvalue distribution

In this section we derive a closed expression for an individual eigenvalue distribution, the probability
to find the first eigenvalue of D; at s irrespective of the position of the Ds-eigenvalues. Our solution
given in terms of a new kernel and polynomials holds for any number of flavours Ny and Ny and
arbitrary chemical potentials p; and ps. In particular, we can partially quench the type-1 flavours
(putting N1 = 0) with p; # 0 in gauge theory with type-2 physical sea-quark flavours (i.e., Ny # 0)
with ps = 0. This case is probably the most interesting for applications to lattice QCD.

4.1 The finite-N solution

We first consider the gap probability that the interval [0, s] is empty of z-eigenvalues,
Eools,t = 0) = / dey ... dey / dys . dyn PO (ad Ay fma s fma}) . (41)
s 0
From this the sought probability follows by differentiation, pEj o(s,t = 0) = —0sEpo(s,t = 0). We

will now perform a series of steps before arriving at an exact expression for finite V. The appropriate
large-N scaling limit will be taken in the next subsection.



First, recalling the definition of the joint probability distribution eq. (2.7]) we can use the fact
that all y-eigenvalues are integrated out in eq. (4I]) for a symmetry argument. The Vandermonde
determinant An({y?}) and the determinant of the Bessel function are antisymmetric. Therefore we
can replace the latter by its diagonal part times !

N! o0 o0
Eoo(s,0) = W/ d$1---d:17N/0 dyr ... dynAn({2*HAN{y?*))

N Ny Na
_ 2 2
< [T | @aya)tt e Nemtevd L 2dNzy) [T (27 +m3) [ @7 +mba) | - (4.2)
- fi=1 fo=1

In the next step we use a known identity relating the Laguerre weight times the I-Bessel function to
an infinite sum over Laguerre polynomials (see e.g. eq. (B.7) in [12]). With this decomposition we
can exploit the orthogonality properties of these polynomials. For simplicity of the proof we will first
consider Ny = Ny =1 (N ¢ = 2) with masses m; and mg, and later give the general result for any
numbers of flavours. We thus have

N
Epp(s,0) = 1+1/ dxy .. da:N/ dyi ... dynAn({z*H AN ({¥?}) H:E +mi)(y7 +m3)
i=1

N ~ N
v_v+le . \2v+1_—N7(c x?-{-c 22) M
X 21;[1 <(Nd) ™ (i) e 1 2y Z ()] L (NTclx )L, (NTngZ)

(4.3)

with 7 = 1 — d?/(c1c2). Next we include the mass mg into the Vandermonde determinant Ay ({y?}),
and then replace it by a determinant of Laguerre polynomials normalised to be monic

N
YD 1T +m3) = Anga((ima)?, {y*}) = pdet (VU (NTes) LY (NTeayil)] o (44)
i=1 B

where yg = imo. We observe that the Laguerre polynomials LY (NTcayy) now all appear with their

corresponding weight function y2” Hle—N TC?yz, except for yo of courseg. Writing the determinant eq.

([44]) as a sum over permutations we can integrate out all variables y; to yy successively, each integral
killing one infinite sum over n;. Thus, under the permutation each L( )(N 7'62%2) gets replaced by
LY )(N Te1z?) times the norm from the integration and the remaining factor from inside the sum.
We can therefore rewrite the result again as a determinant, with the first row containing the mass
Yo = imy unchanged:

N
N' v v - v — Tcm
Eoo(s,0) = Z(1+1)(Nd)N N +1)/ dz ... denAyn({a?}) Hl’ +m2) g2l NTer
N =1
L§(Nteo(imo)?) (J(VT)CZJ)' LV(NTCg(im2)2) ((NiTJ)\”LV (NTea(ims)?)
' T 14 N a7y T v
% WLO(NTQJEl) WL()(]\H'CN:%) %L()(NTCNH)
7! T v N a7l - »
s Ly (NTeray) - WL()(NTQJJ?V) %L”(Mcwm

2Note the additional 7 in the exponent comparing eq. (#Z2) and @3], coming from the identity for the I-Bessel
function.



NUNd)N'TNEAD T (1 = 7)) (N7ep) ™

= dry...denAn({2?
Z£1+1)2N(N7'02)N(V+1) /S ! NAN({z"})

_ 2
(xf—l—m%) .Z'2V+1€ NTclsci

i

=

=1
Ly(Ntea(img)?) -+ (1= 7) LY (N71ea(img)?) -+ (1—7) NI (N7ea(ima)?)
y LY(Ntciz?) L;(NTclx%) L% (Ntcyz?) . (4.5)
LY(Nteyz3) - [:;(NTCll‘?V) e LX(NTei17%)

taking out common factors. Here we have defined the following notation for monic Laguerre polyno-

mials
n

Tv — n v _ n+j n'(n—l—u)'

e (4.6)

The last determinant in eq. (£35]) can be almost mapped to a Vandermonde determinant, using the
following identity:

0( 22) (1_17)]‘ i/]V(M22) (1_17_)N121VV(M22)
Ly(X?) LY (X?) L (X?) _
L5(x2) Pr(x2) i%.(x3)
o\ AN G\ AN NAN
&y M2 i vy M3 Ny M3
O(TQ) (1_]7—)1' ](TQ) (1_7—)NLN( T )
2j 2N
= ! Xy Xi , (4.7)
1 X3 X3
where we have defined
M2 = Ntcy(imo)? and X? = Nreyas . (4.8)

A proof of this relation is given in appendix [Al

We can now change variables z; — u; = :E?, and perform the shift u; — 2; = u; — s to obtain
integrations fooo dzj in eq. ([AI). The change of variables and subsequent shifts induce the following

changes:

An({u}) — Anx({z}),
(uj+mi) — (z+s>+mi) = (z+mp?),
uj = (z+%)",

J
—NT1ciu; N e—NTclzie—NT0152 . (4 9)

e

In other words: the Vandermonde determinant remains invariant, the mass mq receives a shift to
m}? = s2 + m2, the topology term becomes a v-fold degenerate mass term with mass s2, and the
weight is shifted by a constant factor. While this is just as in the chiral one-matrix theory, the

difference here is that the almost Vandermonde eq. (47) is not invariant, and becomes

~ M2 7_' ~ M2 7_N A~ M2
LH(TZ) ﬁ JV'(TZ) =N va(TQ)
2j 2N
1 X3 X3 _ (4'10)
1 ijvj X2N

10



2y M2 v v M2
(M) i) Ly (M
_ 1 oo (NTep(z1 +8%)) - (Ntep(zg +sH)N
1 - (Ntey(eny +52) -+ (Nter(zn + s2)N
£y M3 j L Fy M3 i—1 (7 M3 .
LGCE) o S L (8 S e L (s ()
_ 1 Z{ Z{V
1 Z]J;f zN
where we have defined
S? = Nreys? and Z, = Ntepzy, (4.11)

Here we have subsequently added column&ﬁ to turn back to monic powers in Z;. The fact that it is
not quite invariant illustrates the fundamental property that there is apparently no way to map the
present two-matrix problem onto an equivalent one-matrix problem.

In the next step we turn the monic powers Z; back into monic Laguerre polynomials, using again
the invariance of the determinant. This will introduce yet another sum over the Laguerre polynomials
in the mass variable M2 in the first row. Because of the shift eq. (@) we only need to generate
Laguerre polynomials with topology v = 0, L” 0= LJ, to obtain the polynomials orthogonal to the
shifted weight. We thus obtain for the last determlnant in eq. (4.10)

Qo(M3) -+ Qj(M3) -+ Qn(M3)
Lo(Z) -+ Lj(Z1) -+ Ln(Z) (4.12)
Lo(Zy) - Lj(Zn) - Ln(Zw)
which defines new polynomials
2y _ - (=)™ (n!)? d ey %22 _a2\j—l J
@lh) =2 (n—j)!(ﬂV;(l—T)lLl( 2 s ()
_ _\n - 7l ]\4’22 l Q2
= Y l(T>Ln_l< s
n l k+ll|
= (=)"n!> L, Z ,k, (T = Lie(M3)
1=0 k:O
- (—>"n!Z%Lk<M§>L;Ek<—S2>- (413)
— (1—-7)

In the first step we have swapped sums, » ", Z{:O — Y=o 2= such that the powers in S? give
the Laguerre polynomial Lil_l(—52). In the second step we have used the identity (A.8]) backwards in
order to take the argument 1/7 out of the first Laguerre polynomial, in choosing z = M2 and w = 1/7
in eq. (A8). This goes at the expense of introducing another sum. After swapping again sums to
> r—o 2y, the latter sum over the generalised Laguerre polynomial in —S2 can be simplified, using
the following identity,

n—k
Lhesy = ST ey (@14

J=0

3Usually one goes from monic powers to monic polynomials in this step. It is easy to invert this by defining Z! = Z;+5>
and then going from monic powers Z;’ to polynomials (Z] — 5%y = z1.
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A proof of this simple identity is presented in the appendix[Bl Note that all polynomials L;i k(—52)
are proportional to —S?, except for n = k as Ly 1(—52) = 1. This will become important when
computing the normalisation in the limit s — 0.

The explicit appearance of a new set of polynomials is again a reminder that we cannot map the
problem onto a one-matrix problem. Of course, in the limit of the deformation parameters p;2 — 0,
the polynomials Q,, (M%) reduce to Laguerre polynomials. In the form given in the last line of eq.
(413]) the new polynomials @, are amenable to the large-N scaling limit that we take in the next
subsection.

Returning to the gap probability, in the last step we now replace in eq. ([A35]) the determinant
An({z?}) = Ax({z}) times the mass term by a larger Vandermonde determinant, and then replace
monic powers by Laguerre polynomials monic in the arguments z;. The v degenerate masses obtained
after the shift eq. (4.9) can be dealt with by first taking them different, and then taking limits by
multiple application of I’'Hopital’s rule. For simplicity we set v = 0 in all of the following. We have

N
An({z) [[ (i + mi?) = Anra((im))?, {=}) = et (=)l (N7e)) 7 Li(NTerz)] . (4.15)
i=1 ’ e

where we define zp = im].
Let us collect what we have derived so far:

NITTY. (1 = 7V (N1eo) 3 (N7ey)™d o0
EOO(S,O) _ H]—O( ) ( 2) ( 1) e_N2TC1s2/ le...dZN e—NZijioTclzi
’ ZUHD 92N (Ney)N 0

(M) o By(MP2) o En(M) || Qo(ME) - QOME) - Qu(M)

Lo(Z1) -+ Lj(Z1) - Ln(Z1) Lo(Z1) -+ Lj(Z1) -+ Ln(Z1)

Lo(Zy) - Lij(Zn) -+ Ln(Zn) || Lo(Zy) -+ Lj(Zn) -+ Ln(Zn)
(4.16)

Here the definition

Mi? = Ntei(im))? = —N7ey(m? + s2) (4.17)

has been used. We can now apply the orthogonality of the Laguerre polynomials with respect to the
weight e~N7¢1% to compute the N-fold integral over the determinants, applying the standard Dyson
Theorem. We thus obtain the final answer for finite N:

E070(S,0) = Ce_NzTclszKN+1(M/2,M22),

KN+1(M,27 M22)

()
) 7l Li(M;?)Q;(M3) . (4.18)
7=0

This result defines a new kernel of the polynomials L; and Q; in the (shifted) masses. The constant C' =
1/ Z;V:O ﬁl’j (M?)L;(M3) that is inversely proportional to the partition function ZSHI) ensures
the correct normalisation lims_,g Epo(s,0) = 1. It can be obtained independently by computing the
partition function

NPT (GD2(1 = 7)(N1ey) ™ (N7eg) 7 N
ZSIH) - HJ_O(;)NENQ)J)V((NTC;)N( : Z 17' 'Lj(M%)Lj(Mg)’ (4.19)
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following the same steps as before but setting s = 0. The calculation simplifies in eq. (£.I0) so that
the @;’s become Laguerre polynomials. Indeed as a check we can take

(=)l

T

where only the term L;i w—o(—S?) = 1 contributes to the sum. This already indicates that this last
term in the sum is special.

As a further independent check we may take the limit pq, 2 — 0 (= 7 — 0). In this limit the two
Dirac operators become equal, D; = Dy, and we should recover the known one-matrix theory result
[20]. Indeed, we get

(=)"

w1, p2—0 n!

11_1)% Qn(M22) = Ln(M22) ’ (4'20)

(M3) = ZLk(—Nm%)L;Ek(—st) (4.21)
k=0

n

= Z n_jﬂnl 2§j: S2J l<l> — Ln(—N(m%+32)>,

7=0

i.e., Laguerre polynomials of shifted mass just as for the first flavour m/}. This follows from the first
and last line of the definition eq. (£I3]). Inserted into the kernel eq. (£I8]) we obtain the one-matrix
theory result for the gap probability in terms of the partition function of 2 flavours with shifted masses.

It is straightforward to see that for more flavours, Ny > 1 and No > 1, the very same steps still
go through (see also the corresponding determinant identity in appendix [A]). The only difference is
that the there will be more rows with masses of flavour N; in the determinant eq. (4.I5]), and more
masses of flavour Ny in the new polynomials @; in eq. (4.12]). The absorption of the mass terms into
a larger Vandermonde determinant leads to inverse Vandermonde determinants in each of the N7 and
Ns masses, which can be taken out of the integral. We arrive at

1 o0
E070(8,0) ~ N7 €_N2Tcls2/ dzl .. .dzN E_NZ?IZO Te1Zi (4.22)
Zy AN, (mF) AN, (m7,) 0
L (Mﬁ 1) T LN+N1—1(M}%:1) Qo (M]%2 1) T QN+N2—1(MJ%2:1)
" fiQ(Mz'vzl) o Lven 1 (M) Qo(MZ,) -+ Qninp-1(MR,)
Lo(Z1) -+ Lnin-1(Z1) Lo(Z1) -+ Lnyne-1(Z)
Lo(Zy) - Lyim-1(Zn) Lo(Zn) -+ Lynine-1(ZN)

The orthogonality of Laguerre polynomials can be exploited in the manner of ref. [I9]. This leads to
the following determinant expressions. For an equal number of flavours N; = N5 we hav

Ey0(s,0) = const.

1 —NZ27c182 2 3r2
e Tes det [KN—i-N _1(M, M )] .
N 1 f1 Mo
25" A, ({m D) A, ({m3,)) LN
(4.23)
In the case where Nj(N3) is larger, the determinant is of size N1(N3) and contains additional polyno-
mials Lj(M ]’12) (Qj(M?2,)) to fill up the additional columns (rows) [19],

*We omit all mass dependent normalisation constants here that can be obtained easily. In particular they will cancel
the Vandermonde determinants of the masses, see e.g. [12] for the partition functions.
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2

e~ Nrers (4.24)

Ny > Ny : Ey,0(s,0) = const. ) L
2z AN1({m?1})AN2({m?2})

X fC}eftz (KN Nyt (M5, Mgy -+ - KNgNg—1 (M3, MR,,) LNgn, (M§3) -+ Lvg v, 1 (MF7)]

where we display the f1-th row in mass M ﬁ of flavour Ny, and

1
2N A, (fm2, 1) An, (fm2,})

X det [ENny -1 (M, M) - Knen 1 (M, M2 ) Quaeny (M) -+ Qv -1 (M)

2

e~ NTers (4.25)

Ny > Njp : Ey,0(s,0) = const.

Here we have transposed the matrix to display the f2-th row in mass MJ%Q of flavour Ns.

For example, this includes in particular the interesting case of quenching the first flavour (i.e.
putting N7 = 0) while keeping its chemical potential nonzero, p; # 0. This quenched flavour can then
be measured in the background of Ny = 2 flavours with masses m; and ms

—N27¢; 82 2 2
Ny =2,N;=0: Eyo(s,0) = const.(;)— det QN(:NTczm%) QNH(:NTczmé)
ZO (m% _ m%) QN( NTCQmQ) QN—i—l( NT02m2)
(4.26)
In particular, setting the chemical potential of the dynamical flavours No to zero, pus = 0, will not
eliminate the other chemical potential p; # 0 (see eq. (2.6])), or reduce to a known one-matrix quantity.
This non-trivial y-dependence due to the valence quarks can serve as a clean way to measure the pion
decay constant Fy from gauge field ensembles generated with dynamical light quarks that carry no
chemical potential.
Finally, as was pointed out earlier, the probability corresponding to non-vanishing gauge field
topology v # 0 can be introduced by adding v extra masses of Di, and then taking them to be
degenerate with value s2.

4.2 The large-N limit

In this subsection we take the large-N scaling limit by the same rescaling as in ref. [12], to which we
refer for more details. We first derive the limits of all building blocks needed for the general case, and
then specify the fully explicit result in three examples in subsequent subsections.

All eigenvalues, the gap and the masses are rescaled in the same way (as would be § = 2Ny), the
usual microscopic limit

z = 2Nz, § = 2Ns,
my = 2Nmyp, iy = 2N/.L?c for f=1,2,
0 = ﬂg—ﬂl . (427)

All scalings including the chemical potential keeping N ,ufc fixed can be read off from the chiral La-
grangian eq. (Z2.I]). For the various constants containing the sy this implies the following scaling:

1 .
lim (1—7)"%=exp [—ﬁ(gz} where t=j/N, r=k/j,
N,j,k—o0 2

lim 7¢y =1 for f=1,2. (4.28)

N—oo
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For the Laguerre polynomials the following scaling holds:

Nlj@ooL (M2 = —Nteymt?) = Io(VEw)) , (4.29)
1 t
lim L7} (—5%=—-Nrcis?) = — sL(V/(1—r)ts
Nj}l?—lwo i—kzo(—5 TC187) 5\ T $L(\/(1—=r)t 8,
recalling m’ﬁ = m? + §2. Special care has to be taken in the asymptotic of the new polynomial,
() - !
. 2 2 : 2 2
jliﬁ.loTQj(Mz = —Nreymy) = lim > —— a=7F M3) L7 (=5%) + ij(Mﬁ -1
k:O
1 5 t
& Qs(mgt) = 5/ dr €2 [y(V/rt oy $ AV =Y
0 _ \
+ 2 [o(VE 1a) (4.30)

Here we have to split off the s-independent part Ly L' = 1, which is the single term surviving in the
limit s — 0, and which hence ensures the normalisability of the probability in that limit. Usually
neglecting a single term when replacing a sum by an integral amounts to removing a quantity of
measure zero, which should be irrelevant. However, in our case this is not true as the convergence in §
is not uniform. Therefore we have to treat that term separately and find the “anomalous” Ij-term in
the scaling limit. That this procedure is correct is checked by computing the normalisation before and
after taking the large-N limit. This curious phenomenon together with the appearance of Laguerre
polynomials L;_lk leads to our new microscopic kernel.
The final answer for the microscopic limit of the new kernel in eq. (4I8]) thus reads

Kg(m),my) = ngnooﬁKNH(M 2 M2) (4.31)

1 1 R
= 2 / dTT*Io(T1h) / ARR——es 2T [y(RT1ns) 5 L(5T /1 - R?)

+ 2/ dTT e37°% o (Ti))) Io(Tns) |

where we have changed to squared variables. This kernel can no longer be related to a single partition
functions of shifted masses, as it was the case in the one-matrix theory [20].
Likewise we obtain for the normalisation constant which is proportional to the partition function,

1 N

: 1 2 2\ ! 1 2¢2 A ~
]\}Enooﬁjzz:oij(Ml)Lj(Mg = 2/0 dTT exp [§T 62| Io(Trng ) Io(Trng) (4.32)

Note that the first mass m; is not shifted here, in contrast to the previous equation. Partition functions
of more flavours follow easily given the building blocks above, together with the general expressions
given in [19, [12]. We now have all ingredients to obtain all gap probabilities with any flavour content
by inserting the asymptotic kernel eq. (£31]) and asymptotic polynomials eqs. ([@29]) and (€30) into
the respective eqs. (£23]) — (£25]), normalised by the corresponding partition function.

In the following we give three simple examples that illustrate these very general expressions. In
order to guide the eye we mostly display the distribution of the first eigenvalues versus the correspond-
ing eigenvalue density it has to follow. For comparison to Lattice results the gap probability that we
give explicitly may be even more useful as it allows for a binning independent comparison with data.
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4.3 Two light flavours

Let us first consider the gap probability corresponding to two flavours Ny = Ny = 1, as given in eq.
(418]). Collecting the formulae from above we obtain

1 -1
; 1
/ dTTe2T Io(Tml)Io(Tm2)> exp [_Zﬂ
0

1

1 22 §2

</ dTTQIO(Tm’l)/ dRR——— 3R*T* [ (RTwn,) § I, (3TV/1 — R?)
0 0 V1-— R?

1 .
+ / dTTe2T*’ IO(Tm’l)IO(Tm2)> . (4.33)
0

lim Eoo(s,0) = E§(0(3,0) = <

X

Once more we can perform an analytic check by taking 6 — 0 in order to go back to the known
one-matrix quantity [20]. Using the following so-called Sonine integral identity [21] (that also follows
from the large-N limit of identity eq. (421l))

1

s/ do—2 Ip(ma)1(sV1—22) + Iy(m) = Iy(vm?+ s?), (4.34)
0o V1i—a?

we obtain the known gap probability [20] as a ratio of a two-flavour partition function with shifted

masses over one with unshifted oneﬁ. As an illustration, we show the distribution of the first eigen-

values pgvf1=01+1(§7 0) = —agEéV{)201+1(§, 0) for different values of § and compare it to the corresponding

densities in fig. I From [12] we have for the density

fo dttJo(t2)To(tmy) [ dit €25 Jo(t2) T (trns)
fO dtt _t 52 Io(tml)fo( )

@) = pRnr(®) - , (4.35)

where we have introduced the one-matrix model quenched density p; MM(@) from eq. ([A37) below.

0.5y
0.4}

0. 37

2 4 6 8 10
Figure 1: The eigenvalue density and first eigenvalue for Ny = 1+1 with imaginary chemical potential

b=1 (low red), 3( middle green), and 10 (upper blue curve), at fixed quark masses m; = 3, my = 4.

At § =0 eq. ([#38)) coincides with the corresponding one-matrix model density eq. (4£38]) below.
For 0 = 1 the curve is still close to this density, compare to fig. @2l For § > 1 the curves approach

5The remaining integral is elementary and gives a 2 x 2 determinant of Bessel functions.
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the one-matrix quantities of one flavour N1 = 1 with mass m; = 3 (the flavour corresponding to the
y-eigenvalues gets quenched), compare again to fig. 2l below. This fact can be seen analytically, by
taking the limit 6 — oo in eq. (£35]) and doing a saddle point approximation,

1 . . .
Him [ dtt ex Jy(ta) Io(trg) ~ 6229 Jo(2) 1o (1ig) - (4.36)
6—o00 J0

The S—dependent integrals get replaced by their values at the upper limit ¢ = 1, and we have also
computed the subleading coefficient for later convenience. After cancelling common factors in eq.
(438) we obtain, as we should, the one-matrix density for one flavour with mass 7, as in eq. (£.40)
below. We have checked that the same limit applies to the first eigenvalue distribution.

0.5y

0.4}

0. 37

2 4 6 8 10

Figure 2: The eigenvalue density and first eigenvalue of the one-matrix theory: two flavours with
mi = 3, my = 4 (low red), one flavour with m; = 3 (middle blue), and the quenched case (upper
black curve).

For the comparison above we give the following known one-matrix quantities [20, 22] that are
displayed in figure 2l The quenched density and its first eigenvalues read

~ j A~ ~ ~ 1 N _l§2
(@) = 5 (@ + 1)), P8 = Fe (4.37)
The massive two-flavour density is given by
1 . N 1 . .
9 . o dttdo(t2) I (tg) [y ditdo(tE)Io(trng)
P (@) = PP (E) — @ 20 : R (4.38)
fO dtt[o(tml)[()(tmg)
as well as its first eigenvalue distribution by
@ s L _1g Do) I5(iy) — Io(rivg) 1) I3 (1))
§) = —=5e 1 —— — e — . 4.39
leM( ) 2 Io(ml)mgfl(mg) — Io(mg)mlll(ml) ( )

Here primed masses are shifted according to m’f = mf +52. We also need the one-flavour density and

its first eigenvalue

1 ~ ~
T ) o dttdo () To (i)
P (@) = phn(@) — #Jo(@) Jo - : (4.40)
Io(my)
W o L L _1e D) .
P (3) = 955 ¢ To(rn1) (4.41)



4.4 Partial quenching

0.5y
0.4}

0. 37

2 4 6 8 10

Figure 3: The eigenvalue density and first eigenvalue for Ny = 0+1 with imaginary chemical potential
0 =1 (low red), 3( middle green), and 10 (upper blue curve) and fixed quark mass 7; = 3.

As another example we can consider the partially quenched gap probability eq. (£.26]) with N3 =0
and one single (N = 1) flavour of mass m,

QS(mlat — 1)

To(iD) (4.42)

Eéog7z)(§,0) = exp [——§2 - —5 }

(0+1)

where the extra d-dependent factor e~ comes from the partition function Z; that normalises
this gap probability. Its derivative is shown in fig. B together with the corresponding density [12]

62/2

Joi

P V(@) = pR (@) — ex [——cﬂ / dTTez™" Io(Trin) Jo(TH) . (4.43)
Again we recover the one-matrix density eq. (440) when setting 6 =0in eq. (#43]). For 5 =1 the
curve is still close to this one-flavour one-matrix result, see fig. Bl and for 5> 1 the curves approach
the quenched one-matrix density. This can again be checked analytically by taking § — oo of eq.
([@43) and using eq. ([@306). The exponentials cancel but the prefactor 1/62 makes the second term in
eq. (443) vanish, leading to the quenched result. Again these limits 6 — 0 and § — oo can also be
checked for the gap probability.

As the last and probably most physically relevant example we consider the partially quenched case
of N1 =0 and Ny = 2 flavours with two possibly non-degenerate masses mq and mo

Qs(my;t =1) 0,Qs(a;t)

det Os( D 8,0s! )t:l
R s(ma;t = Qs (et
ESE(5,0) = exp i s ———t=l= (4.44)
4 [o(ml)mgfl(mg) — Io(mg)mlfl(ml)

When setting fis = 0 to have the sea quarks of flavour Ny free of chemical potential we simply have
b=— i1 # 0. The limit of equal masses can also be taken at the expense of a further derivative within
each determinant. As stressed before, this case should be particularly useful for lattice gauge theory
simulations, since it corresponds to ordinary configurations without chemical potential.
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0.5y

0.4}

0.3¢ _—

2 4 6 8 10
Figure 4: The eigenvalue density and first eigenvalue for Ny = 0+2 with imaginary chemical potential

=1 (low red), 3 (middle green), and 10 (upper blue curve), at fixed quark masses of flavour Ny
my =3, mg = 4.

The comparison to the spectral density given byﬁ

)

pgo;z)(fﬁ) = PlQMM(i?) — exXp [—%82] T <m1]1(m1)10(m2) - m2fo(m1)f1(m2))_1 (4.45)

X

1 o A
[ /0 dttesst Jo(gzt)fo(mlt)< () (21(2) + 82 J0(8)) — mgfl(m2)J0(gz))
1 N N
+ / dttes™ " Jo (@) Io(imat) (To(1in) (21 (&) + 6200 () + m111<m1>Jo<:e>)] :
0

is shown in figldl The one-matrix model result with two flavours is again recovered by setting §=0
given by eq. (438]). For 6 = 1 the curve is close to the two-flavour one-matrix result, see fig. B and
for § > 1 the curves approach the quenched one-matrix quantities, see fig. 2l This matching can
once more be checked analytically by taking § — oo of eq. (#45). Using eq. (436]) as well as the

1,

0.8

1 2 3 4 5 6 7

Figure 5: The integrated lowest eigenvalue distribution 1 — Ej o(s) for 1+ 1 flavours eq. (£33)) (lower
red) and 0 4 2 flavours eq. (444]) (upper black curve), both at masses 71 = 3, 1he = 4 and ¢ = 3.

SThere is a term missing in the bottom right of the 3 x 3 matrix in the relevant formula eq. (3.53) of [12].
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cancellation of the two terms proportional to 62 in the last two lines of eq. ([A45]) leads again to a
complete quenching of all flavours. The same can be checked for the gap probability.

Finally we can also compare directly the gap probabilities in our two-matrix theory for 1 + 1
flavours and 0 + 2 partially quenched flavours, where in fig. [6l we show 1 — Eg(s). For 5 =1 the
difference is still small but it grows rapidly with increasing § since both theories converge towards
different limits for 6 — oo as was pointed out earlier. Equivalently this results into the following
comparison for the densities and first eigenvalues shown in fig. It should be noted here that the

0.5y
0.4

0.3}

2 4 6 8 10

Figure 6: The density and first eigenvalue for 1+ 1 flavours (right blue) vs. 0+ 2 flavours (left black
curve), both at masses my = 3, e = 4 and fixed 6 = 3.

quantity 1 — Epo(s) is the integrated lowest eigenvalue distribution, by some considered a convenient
quantity for comparison with the lattice gauge theory data.

We end this section by pointing out that there is no analogous computation of a p-dependent Dirac
eigenvalue distribution in the fully quenched case. The mixed two-point spectral correlation function
has non-trivial p-dependence [§] (and this dependence allows for the determination of a quenched
value of F. using this technique). But the one-point function is p-independent in chiral perturbation
theory because it is generated by the addition of just one valence quark; it is u-independent to all
orders in chiral perturbation theory because the valence pions do not carry net baryon charge.

5 Conclusions and outlook

The two main results of this paper are the following. We have shown how individual distributions of
the lowest-lying eigenvalues of Dirac operators that are subjected to two different external Abelian
vector potentials (“imaginary chemical potential”) can be derived from field theory. The results have
been given in terms of generalised gap probabilities from which the distributions can all be derived.
To compute the gap probabilities from field theory one needs to know spectral correlation functions,
all of which can be given a well-defined meaning in the field theoretical setting. In particular, in
the scaling region known as the e-regime, these eigenvalue distributions can be derived from the
corresponding effective theory, the chiral Lagrangian. To make these computations concrete, we have
used the equivalent Random Two-Matrix Theory to derive the distribution of the lowest Dirac operator
eigenvalue in the e-regime of QCD with imaginary chemical potential. As stressed in the introduction,
these analytical formulas may provide a very convenient way of determining simultaneously the infinite-
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volume chiral condensate Y and the pion decay constant F; by means of numerical simulations in lattice
gauge theory.

We have given explicit formulas for the lowest individual distribution in terms of a new kernel,
both in the case of full QCD with imaginary chemical potential, and for the analogue of partially
quenched QCD in which quarks are dynamical, but do not carry chemical potential. Especially the
latter may provide the most useful formulation in terms of comparisons with numerical lattice data.
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A A determinant identity

In this appendix we prove the following identity for any number of N, flavours

Ly(my) ... (A—7)*LY(my) ... (1—7)WEN=DEE o ()
if)(mzvz) (1—Tz‘kﬁ2(mwz> (1_T)_(]\C+N2_1)EJVV+N2—1(mN2) _ (A1)
Lg(xl) L%(xl) L]V\f—l—Ng—l(xl)
Ly(zn) ... LY (zy) . LYo ny—1(zN)
Ly(my o orR— ) TRLy(me) L pNENml( ) m (VN ()
[ Ep(EER) R TRIp(RR) L AN )N T ()
a 1 x’f azjlv+N2_1
1 xﬂfv x%+N2_1

Here we use the notation lA},”L(x) = 2" + ... for the Laguerre polynomials in monic normalisation

n

Lo(w) = (=1l Li(z) = (=1

J=0

n!(n + v)!
(n = J)Hv +5)l!

. (A.2)

For simplicity we will prove the identity for one flavour No = 1 first, by induction in N. For N =1
we have that

Bym) L B5Om) | [ 1 fem-v-1) | |1 @ v || Dhm) L)
0 () LY (x) 1 x—v—1 1 x z ’
(A.3)
by adding v + 1 times the first column to the second column. Next we do the induction step,
Ly(m) ... (1=7)7FLgm) ... (1—7)"NFVLL . (m)
Ly(zn) ... L¥(zy) L% ()

21



Ly(2) TH(L—7)FLY () TN =) NER(2) (=) LK (m)
_ 1 ok o LY 1 (71)
1 ak; N ﬁ”NH(xN)

Here we have expanded with respect to the last column and used the induction assumption for NV, as
well as the fact that the sub-determinant containing only z-variables of monic Laguerre polynomials
can be replaced by the Vandermonde determinant.

To get monic powers in the last column (except in the first element) we subsequently subtract
multiples of columns from the left, using eq. (A.2), and we obtain

Ly(my .. 7R —7)TRLy(m) N1 —7) NI (2) P(m)
1 zk Y xf“rl (A.5)
1 a:’fv a:% x%“
The first element in the last column now reads
N .
_ 5 (N+D(N+14v) 7 . /m
P — 1 _ (N+1)LI/ _ _1 N+1+] ( i l/ <_ . A
(m) = (=) e n) = ) Sy %))

As a last step we need to show that P(m) = 7Vt1(1 — T)_(NH)D’NH(%). This relation holds due to
the following identity [23], which can be easily proven by induction. It is expressed in terms of usual
non-monic Laguerre polynomials

N+1 ] ' ‘ m
falm = 2 oo (7). (A7)

which finishes the first part of our proof. As a remark which is useful for the main text this identity
is usually quoted as [23]

v _ g (’I’L—|—I/)' /
L) = 2 oy

J=0

—w)" LY (2) . (A.8)

In the above it was not essential in the manipulation of columns that we had one mass flavour
Ny =1 only. We can in fact do an inductive proof in the column number k for any Ny and N,

Lg(ma) (1 —7)7*Ly(ma) (1—7) WFNmD L vy ()
Ly(mn,) (L=7)FLy(mp,) oo (L=m) WD (m,) | (4.9)
L (z1) Ly (21) L w1 (1)
Ly(zn) ... LY (zy) I:’jVJer_l(xN)
A~ Tk A A o
Lym) gl e lia(m) o e L (m)
A~ Tk A A o)
— Lg(mj—v2 ) “ e (1_7_)k Lz(mj—vz ) (1_7})kj»1 LZ+1(mN2) (1_7_)1\}4»1:72—1 Ll]/\f—f-NQ—l(mNQ)
1 ok Ly i (71) LY N1 (21)
1 EE x?\/ f’%—i—l(mN) D/N+N2—1(33N)
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The start for k = 1 is trivially true in analogy to eq. ([A.3]). The induction step from k to k + 1 easily
follows by subtracting the left columns for | < k from column k + 1, and using again eq. (A7) for
N +1 — k+ 1. Putting £k = N + Ny ends the proof.

B An identity for Laguerre polynomials

The relation we show here is given in eq. (414,

Em: (j i k) L (@) (B.1)
Jj=

where the right hand side is independent of k. It follows from a known identity eq. (4.4.1.14) in [21]

e A La : B.2
B)m )= Xy () - (B.2)
Here (f3)., is the Pochhammer symbol. In choosing o = —( we obtain

()= s

ML_l(x) Dl Lei(z) .

a! m

I
.MS

=0

(_)m—j (j(; m + ])' L%__Z-H_j (ZE) . (B3)

I

<
Il
=)

In the second step we have changed summation from ¢ to j = m — 4. Finally choosing a = m + k we
obtain eq. above.
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