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Abstract

We employ the fermionic and bosonic replicated nonlinear o models to
treat Ginibre unitary, symplectic and orthogonal ensembles of non-Hermitian
random matrix Hamiltonians. Using the saddle point approach combined
with the Borel resummation procedure, we derive the exact large-N results for
microscopic density of states in all three ensembles. We also obtain tails of the
density of states as well as the two-point function for the unitary ensemble.

PACS numbers: 05.45+b, 73.23.Ps, 75.10.Nr

1. Introduction

In recent years, the non-Hermitian random matrix Hamiltonians have found a broad spectrum
of applications in physical problems [1]. Their applicability ranges from dynamics of vortex
lines [2] and gauge theory at high baryon density [3] to description of biological populations [4].
On the mathematical side, the study of non-Hermitian ensembles was pioneered by Ginibre [5],
who introduced the non-Hermitian counterparts of the Dyson ensembles and computed
correlation functions for the unitary ensemble. A few decades later Mehta extended his
results to the symplectic ensemble [6]. Feinberg and Zee [7] introduced the Hermitization
trick and derived a number of results going beyond Ginibre Gaussian ensembles. The field-
theoretical treatment [8] in the supersymmetric formulation [9] was introduced by Fyodorov,
Sommers and Khoruzhenko [10] for the unitary ensemble. Efetov [11, 12] has subsequently
developed the supersymmetric method for all three non-Hermitian ensembles. In this paper,
we take an alternative route of the field-theoretical treatment, namely the replica trick [13].
This method was recently proved to be capable of describing the correlation functions of the
Hermitian Dyson ensembles [14—18]. So far the validity of the replica approach has been
restricted to the asymptotic regions of the correlation functions only, while the supersymmetry
is exact everywhere. It has, however, an important advantage of being applicable to a much
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broader class of systems, e.g. interacting disordered systems [19] or Calogero—Sutherland
models [20].

Here we show that the replica strategy works for the Ginibre ensembles as well. Although
the treatment is philosophically similar to that for the Dyson ensembles, it requires considerable
technical modifications associated with the intrinsic chirality of the non-Hermitian symmetry
classes. In particular, the Riemannian symmetric manifolds which are target spaces of the
nonlinear o model differ from the corresponding Hermitian counterparts. Rather, they are
subspaces of their chiral Hermitian counterparts, as may be anticipated upon Hermitization.
This necessitates the introduction of convenient parametrizations, calculation of the measure
and finally an appropriate analytical continuation. We also extend the method by performing
all order expansion around the saddle points. In the n — O limit the resulting series may be
summed up employing the Borel resummation procedure. As a result, we are able to obtain
formally exact results for the density of states for all three Ginibre ensembles.

The paper is organized as follows: in section 2 we collect analytic results known for
Ginibre ensembles, and preliminaries about the replica method. In section 3 we derive the
unitary o model using the fermionic replica and obtain the corresponding density of states,
including the tails near the boundary of the spectrum support. Section 4 extends the unitary o
model to calculation of the two-point function. In section 5 we treat the density of states for
the symplectic ensemble using the fermionic replica. In section 6 we treat the density of states
for the orthogonal ensembles using the bosonic replica. Finally, peculiarities of the method
and possible extensions are discussed in section 7.

2. Preliminaries

2.1. Non-Hermitian Gaussian ensembles

Throughout this paper, we adopt Mehta’s conventions and notations [6]. Ginibre ensembles
with 8 = 1 (orthogonal), 8 = 2 (unitary) or 8 = 4 (symplectic) are defined as ensembles of
N x N matrices H over one of the fields: R, C or H. Each entry of such matrices contains
B real components which are i.i.d. variables drawn from the Gaussian distribution [5]

BN
du(H) = (o) BN/2 g=o T HH! [TI] au¥ (@=2,1,1forf =1,2,4). (1)
g=11i,j=1
For a real N x N matrix H (8 = 1), the secular equation, det(z — H) = 0, has real
coefficients, so complex eigenvalues always appear in conjugate pairs. For a quaternion-real
N x N matrix H (8 = 4), one can find a complex 2N x 2N matrix representation (also denoted
as H for notational simplicity) satisfying

- _ 0 Iy
H=JHJ' = . 2
JHJ J [_ Iy 0i| 2)
It implies that det(z — H) = det(z — H), and thus complex eigenvalues again appear in
conjugate pairs.

Spectral correlation functions are defined as

Ry(zis... 2p) = (Tré*(zy — H) - Tt 8% (z, — H)) (3)

where (- - -) denotes averaging with du(H). The macroscopic density of states (DoS) of H
is uniform within a circle of radius /N (8 = 1,2) or ~/2N (8 = 4). Below we collect
known results for the microscopic correlation functions computed by the (skew-)orthogonal
polynomial method [5, 6] and by the supersymmetry method [11].
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Unitary ensemble [5, 6]*

—lz]>  poo
TR(2) = T dre ™ (n+z)HN! (exact) (4a)
1 (lz] € v/N)
R\(z) = 4b
TR {0 (2] > VN) @)
efzuz
TR(2) Wor? (zl = VN —u,1 < u < /N) (4c)
Rz, 7)) =1—e 70 (2], 17| < VN). (4d)

Symplectic ensemble [6, 11] (z = x +1y, |z] < v/N)
dx =y
1—A
Orthogonal ensemble [11] (z = x +1y, |z] K VN)

TR (z) = 2y° / T ey rs (). )
0

V1+A

1
TR (z) = 2y* / 5)
0

2.2. Replica method

In the Hermitian case, one uses the identity
1

X —le

1 d
§(x) = —1Im = — Im— log(x — i€)
b4 b4 dx

d
= lim — Im— (x — ie)"
n—071n dx(x )

which in the matrix context takes the form [13]

1 d
Tré(x — H) = lim — Im— det" (x — ie — H). 7
n—-07mn dx

The two distinct versions n > 0 and n < 0 are called the fermionic and bosonic replicas,
respectively. The fermionic replicated generating functions (det”(x — H) averaged with
du(H)) of unitary [14], orthogonal, symplectic [15, 16] and chiral unitary [17] ensembles lead
to compact nonlinear o models on U (2n)/U (n) x U(n), Sp(2n)/Sp(n) x Sp(n), O(2n)/
O(n) x O(n) and U (2n), respectively, which are FF blocks of the Riemannian symmetric
superspaces of type AIIl | AIIl, BDI | CII, CII | BDI and A | A [21]. After appropriate
parametrization of these symmetric spaces one obtains n-fold compact integrals, which may
be evaluated in the saddle point approximation. By collecting contributions from dominant as
well as subdominant saddle points, one obtains the asymptotic expressions for the correlation
functions. Bosonic replica has been successfully applied to the chiral unitary ensemble [17],
see also [22].
In the non-Hermitian case, one may employ the identity

1 . 1
8%(z) = —9,9:log(z2) = lim —,9:(z2)"
T n—07mTn

4 The upper bound estimated in equation (15.1.35) of [6], which was shown to converge to e /(24/7u), is not
saturated in a region of the parameter 1 <« u?> <« N. Applying the saddle point approximation as employed in
section 3.2, to the integral representation of the finite-N result (4a), one obtains the correct asymptotics (4¢).
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which in our context takes the form
1
Tr8%(z — H) = lim —9,0:det" (z — H)det"(z — H'). (®)
n—0 TN

This form resembles the generating function for a block off-diagonal (chiral) matrix obtained
upon Hermitization [23]. The difference is that the spectral parameter enters off-diagonally
rather than diagonally as in the chiral case. This distinction however does not affect the
resulting saddle point manifolds, which are determined at infinitesimal spectral parameters.
Therefore, according to Zirnbauer’s celebrated result [21], the saddle point manifolds
are expected to be (subspaces of) U(2n), U(2n)/O(2n), U(2n)/Sp(n) (for the fermionic
replica) or GL(2n, C)/U(2n), U*(2n)/Sp(n), GL(2n, R)/ O (2n) (for the bosonic replica)
for B = 2,4, 1, respectively, which are FF and BB blocks of the Riemannian symmetric
superspaces of type A | A, AIl | Al and Al | AIL

Our aim is to obtain the DoS and the two-point function (cf equations (4)—(6)) including
exponential terms, using the replica strategy. We employ either the fermionic or bosonic
replica, whichever is suitable for the actual computation.

3. Ginibre unitary ensemble: density of states

Consider the fermionic replicated generating function (positive moment of the characteristic
polynomial) of the Ginibre unitary ensemble defined as

Zu(z,2) = / dH e T HH' get" (z — H) det"(z — H') 9)
CN><N

where dH = 7—V° ]_LNJ d?H . We denote ‘colour’ indices byi,j=1,..., N and ‘flavour’
indices by a,b = 1,...,n. In the standard way, one introduces mutually independent
Grassmann variables ¥, ¥, x!, %!, and rewrites the generating function in terms of an
auxiliary matrix Q,; (a well-known re-expression of the chiral unitary ensemble with flavour
and colour indices interchanged [24, 25]):

Z,(2,2) = /N NdH/dl/_f dy dy dx exp(—H" H
C X
— V@8V — H')y — 3] @87 — H)x,)

- / a dyr dy d exp (T4 %7 x6 — 20w — 270 x)
. —Tr 001 - _ AR Z(Sah _Qabi| |:w;,i|)
= /mdQe /dwdw dx dx eXp< A [sz % | L1

_ —Tr QQf N| % -0
_'/mdQe det [QT : :|

:/ dQe 22 detV (27 + 0 O). (10)

Here dyy = [],;dy/ and so forth, and dQ = T [1;,d*Qus. A complex matrix Q €
C"" can be uniquely written as (singular value decomposition)

Q0 =UAV UeUm)/ud)yt velU(m)

A = diag(r) A =0 (b



Replica treatment of non-Hermitian disordered Hamiltonians 4575

and a Euclidean measure dQ on C"*" is related to normalized Haar measures dU on
Um)/U(1)" anddV on U (n) by

dQ = dU dVAG)* [ ] dia AG) =[] — ). (12)

a=1 a>b

As the integrand does not depend on U and V, Z,(z, Z) is written as an n-fold integral (even
for finite V),

Zn(z,z):/ H(d)‘a efka(ka+|z|2)N)A(k)2 (13)
0 4=t

up to an irrelevant constant factor that approaches unity in the replica limit. Note the striking
resemblance between DoS (4a) and the replica generating function (13) even at finite N. This
raises the question of whether the replica method may be applicable beyond the asymptotic
analysis. We come back to this issue in section 7.

3.1. DoS in the bulk

Now we take the large-N limit. For |z| < +/N, the saddle point equation

N
- =0 14
A+ z)? (14)
has a solution A = N — |z|>. Therefore
Z,(z.7) = e WD (15)

up to an irrelevant constant given by the Selberg integral [6], which goes to unity as n — 0,
and O (n?) terms. On the other hand, for |z| > /N, the integral is dominated by the end point
A=0:

Zu(z,2) = Iz, (16)
Using relation (8), one obtains for the DoS

1 lz] < /N
0 lz| > VN

Therefore N complex eigenvalues are uniformly distributed within a circle of radius ~/N, in
agreement with the exact result (4b).

1
TRi(z) = lin}) ZBZE)ZZn(z, 7) = (17)

3.2. DoS at the edge

If |z] is close to the edge of the circle, such that |z| = VN — u, where 1 <u K VN,
one may work out corrections to the uniform DoS. In this case, both the saddle point at
e = N — |z]*> ~ 2+/Nu and the end point A, = 0 contribute to the partition function.
Summing up all the contributions, one finds

Zy(z,7) = e "N DY <n)(—)P(2~/Nu)2p(np) o2ni?
p

p=0

oo =P

/ ]—[ dA I A(A)zx/ H(dkhe 2N>A(x)2 (18)

— p=1
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Employing Selberg integrals and neglecting constant factors which go to unity in the n — 0
limit, one obtains

Z,(z.2) = e "W N ()P e (2u) PP () DY (19)
p=0
where
P 2
r
= ]—[ @ (20)
i Fn—a+1)

Since D} = 0 for p > n, one may extend the summation over p to infinity in equation (19).
We then perform the analytic continuation n — 0. To this end, we note that D} = O (n”) in
the limit n — 0. Therefore, only the terms with p = 0 and p = 1 contribute to the partition
function in the small-n limit. As a result, one finds

—2u?
Zy(z3) = e WD [ 21
Ga=e ( ”m(zu)s) @b

Employing finally equation (8) one obtains for the DoS close to the edge of the spectrum
support

1
TR(2) = llr% ;8zaizn(zv 2)

efzuz 672u
=1- +0 . (22)

24/2mu u’
This asymptotics agrees with the exact result (4c) within the validity of our approximation
1 < u?(«N). The tail of the DoS outside the circle, |z| > +/N, cannot be obtained in the
fermionic replica. Indeed, in this case the saddle point is situated at negative A and the contour
of integration cannot be deformed to pass through it. As a result, the integrals are dominated
by the end point A = 0, which leads to the zero DoS for |z| > +/N. It is possible that the

bosonic replica o model may be capable of producing these tails (cf [26]).

4. Ginibre unitary ensemble: two-level correlation
Consider the fermionic replicated generating function with two spectral parameters,

Z,(21,713 22, T2) = / dH e T det" (z) — H) det"(z; — H')

CNXN
x det"(zo — H) det"(z, — HY). (23)
Introducing the enlarged flavour indices A, B =1, ..., 2n and a 2n x 2n matrix Z,

_ leln 0
Z_|: 0 ZZﬂn:|

one rewrites the generating function in terms of the auxiliary matrix Q 45 as in the previous
section,

ZH(Z15 Zl; Z25 ZZ) = /

CZn x2n

dQe 00 gtV [ QZT _ZQ} (24)

with dQ = 7~ [}, d>Qus.
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Hereafter, we concentrate on the centre of the circle |z1], |z2] € v/N. Atz; = 7250 = 0,
the large-N saddle point equation

0'—NQ'(QOh ' =0 (25)
is solved by
0 =+/NU U e U@2n). (26)

For z1, z; finite and of order unity, one can write for such Q

z -0 _ 1 0o -U'z],
det|:QT Zi| _exp(—ﬁTr[UZ 0 i| )

L (o) |2+‘a)‘2TUU’1 @7)
= X —_ — T
exp N ni|z > s K
where
_ Z1+22 i _ - ]ln 0
z= > w=71—2 =1 R
Therefore,
= = —2n(N—|z]?) jo? -1
Z,(21,Z1522,22) =€ : dUexp| —TrUsU s (28)
U@n) 4

up to an irrelevant constant factor that approaches unity in the replica limit. Here dU is a
Haar measure on U (2n). The above integrand is invariant under

U—>U|:M 0,i| u,u’ € Un)
0 u

so the saddle point manifold shrinks to U(2r)/U (n) x U(n). Adopting the parametrization
of this coset manifold employed by Verbaarschot and Zirnbauer [27],

UsU~ = | “ 0 cos® sin@e®][u! 0
g T 10 vl||sin®e®  —cos® 0 ! (29)

O = diag(6,) ® = diag(¢),) u,v e Um)/U1)"

dU = dudv ] [ dg, [ ] dcosbaA(cos6)? (30)

a=1 a=1

and substituting

TrUsU’%:ZTrcos@:ZZcos@a 31
a=1
one obtains
1 n 2
Zu(21, 21 22, 72) = e 2N / [T(ane) a0 (32)
1ot

where A, = cos6,.

The replica limit of the above n-fold integral has been discussed extensively by many
authors [16, 18, 20, 27] (see also [28] for its asymptotic analysis). Integral (28) over
Grassmannian manifold U(2n)/U (n) x U(n) with a height function TrUsU's satisfies
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the criteria of the Duistermaat—Heckman localization theorem [29, 30] and thus the saddle
point method applied to equation (28) is exact for an arbitrary value of |w|>. For positive
large t = |w|?/2, integral (32) may be ‘approximated’ by contributions from the end points
ra = E1,

5 p , e(n=2p)
/ndke ) A)? = Z()F())W (33)
where
p
I'l+a/k
FP (k) = (”)]—[ Ura/l) (34)
p) T+ —a+1)/k)
for p > 0 and F'(k) = 1. One may extend summation over p to infinity, since the

binomial coefficient (;) = 0 for p > n. After this one may perform analytical continuation,
employing the small-~ limit,

(—prt B T +a/k) )
Frk) = O (n”). 35
2(k) =n Er(l_(a_l)/k)+ (n®) (35)
Accordingly the integral reads, for small 7,
nt (n—=2)t
) . © , €
/ ]_[ (drg e™) A(1)? = =t (36)

Using this formula, one obtains

(37)

|a)|2n2 —-n |a)|2(n2—2n+2)

2 en\w\2/2 e(n—Z)\w\Z/z
Z,(21, 213 22, 2p) e 2V TRD )

The two-point function is given by

1
TRy (21, 22) = hm —02,0z,0,05, 2 (21, 215 22, 22)

—lz1—22|?
—l—e=fiolZ— ). (38)
|z1 — 22

This agrees with the exact result (4d) within the validity of approximation 1 < |z; —
2212 («N). The disconnected part 1 = 72R1(z1) R (z2) is given by the replica symmetric

saddle point p = 0, whereas the connected part —e limal® g given by the replica
nonsymmetric saddle point, p = 1. In the latter case, the (n — 1)-fold integral around » = 1
and a one-fold integral around . = —1 ‘interact’ through the Vandermonde determinant.

Taking this interaction into account in the perturbative manner, one finds that all terms
proportional to e~ <1—%/" /121 — 22* (k > 1) are cancelled. We have checked this statement
explicitly to the order £k = 1. In general, it is a manifestation of the Duistermaat—Heckman
localization theorem [30].

5. Ginibre symplectic ensemble

Fora2N x2N complex matrix representation of an N x N quaternion-real matrix H, constraint
(2) may be solved by

"= [ S ﬂ S.T ¢ V<N, (39)
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The fermionic replicated generating function of the Ginibre symplectic ensemble thus reads

Z.(z,72) =/ dH e 2 TrHH det"(z — H)det"(z — H)
HN><N

_ ~tesst-terrt g (| ST af- [ S T
—LNXNdeTe det <z [—T S})det <Z [—T 5

(40)
where dH = dSdT = 72V ]—[fv ; 4287 d°T". Once again we introduce enlarged flavour
indices A, B = 1, ..., 2n and express the generating function in terms of the auxiliary matrix

OB,

Z.(2,2) =/ dsdr /dl/_fdwd)‘( dy exp (—Sl‘fS"f —TUTY
CN><N

ij ij ij J
vy S [ 1)
— [ @ v axdgenn (— ¥ Zantl ~ K Zans
— AKX+ XATAREVY)
— [ a0 [apovoraxew (3 Qim0+ 3 0an(Fith + Fyri)

L o (v iwd 4 i) — G Z et — i 7y
+2QBA(XA’>03+XBWA) WA ABWB XAZLABXp

_ 7%TrQQT - _ T i QAB _ZABi| I:)_(é; i|)
/MdQe /dewdx dXeXp( [Vaxa] [ZAB 0l 1LV

2/ dQe 720" gerV [g _Qﬂ (41)
M

wherez = x + 1y, Z = x1,,+iys. Here dQ = (271)‘2”2_” i’;B d?Q 4, and the integration
domain M is a set of 2n x 2n complex symmetric matrices, because its antisymmetric
part decouples from the fermionic bilinear. A similar procedure was adopted for the chiral
symplectic ensemble [31].

Hereafter, we concentrate on the centre of the circle |z| < +/2N. The large-N saddle
point equation

L0 - NQf(00H ' =0 “42)
is solved by
0 =+2NU U € U@2n). (43)

For 7 finite and of order unity, one can write for such Q

0 -7| _ 1 o -u-'z]
det|:Z Q{| _exp<—mTr[UZ 0 :|
=ex S nx2—y—2TrUsU—1s (44)
PAN 2 ‘

_ _ 2
Zn(Z,Z) —e n(2N X)/
U(2n)
v=uT

Therefore,

2
U exp (—%Tr UsU_ls> (45)
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up to an irrelevant constant factor that approaches unity in the replica limit. Here dU is a
Haar measure on a group quotient U (2n)/O (2n) that is isomorphic to the space of 2n x 2n
unitary symmetric matrices through Cartan embedding g — U = gg’. Since the integrand is
invariant under

T
U—>[” O}U[” O} u,u' € Un) (46)

0 u 0o uT

the saddle point manifold shrinks down to the intersection of U(2n)/O(2n) and
U@2n)/U (n) x U(n). Following Zirnbauer and Haldane [32], one can parametrize the matrix
U and the measure dU as

u 0][cos® isin®][ul 0 .
U_[o v:| [isin@ coseHo UT} © = diag(6.) u,v e Un) 47

dU = du dvl_[ dsin6,|A(cos® 0)]. (48)

a=1

Computation of the above Jacobian is detailed in appendix A. By substituting

TrUsU 's =4 Zcos2 0, — 2n (49)
a=1

we obtain the generating function in the form of the n-fold integral

Zu(z.2) = e NP / H( =y 2>’2“>|A(x>| (50)

where A, = cos? 6,. Again we have encountered a striking resemblance between DoS (5) and
the generating function (50).
For y? > 1 this integral is dominated by vicinities of the two end points. By considering
= 2y? to have a negative imaginary part (possibly infinitesimal), one may deform the
integration contour to the upper half plane as [0, 1] — [0, ic0) + (1 + ico, 1]. Employing
Selberg integrals, one may evaluate all the contributions with p integrals along [1, 1 + ico)
taken in the vicinity of A = 1, whereas the remaining n — p integrals along [0, ic0) coming
from the vicinity of A = 0. Whenever the end point A, = 0 is adopted for some a, one may
safely expand (1 — A,)~!/? in A,, while it ought to be treated exactly when the other end point
*a = 1 is chosen. Meanwhile we approximate (1 — A,)~!/? ~ 1 for the former case and find

1 n n r l+n—p » .

d)‘-a 2 ( 2 ) (—1) T e P
L,(1) = 7e—“~> AMN)| Fr (2 . 51
o= 1:[1( e ewl = L ef oty o
As in previous sections, one may extend summation over p to infinity and perform analytical
continuation, employing the small-n limit (35). Only p = 0 and p = 1 terms contribute in
the replica limit n — 0, since p > 2 terms are of the order O(n?). As aresult,

i/
n—\g—t_l/2 e .

L) ~ 1™ + (52)

In order to obtain perturbative (i.e. powers of 1/¢) corrections, one expands the (1 — ,)~!/2

factor in powers of A, for the replica-symmetric (p = 0) term,

/omﬁ Brge |A<A>|H<1—*b> e[ ﬂ S ISR (Z 2">

(53)
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where w = Y ", )L(’; are elementary symmetric polynomials. In appendix B we prove by

loop equations [33] that the RHS of equation (53) is equal to

ico [ee] k ico N —1/2
/ ]_[ (dhge ™) |A(W) | exp (Z %) =/ ]—[ (dhge ™) |A(A)|< ZM)
0 k=1 0

ico
- (1+a,)*1/2/ ]_[ (dhge ™) |AM) (54)
0
plus terms of order O (n?). Here (l +9,)~'/2 stands for a formal series
o0
_ 2k — D! d*
1+9,) 1% = _ 55
(1+3) ; T (55)

Accordingly, the generating function reads
Z,(2,2) = e "V DL 297
L = (1 +3,)_1/2t_"/2+n¥t_1/2 e’ o
The DoS is then given by
7R (2) = lim %Bzazzn(z, 2)

=1— 3o, 30,1+ 3)"logt +iv/mre™ (57

t = 2y?, upto terms of order O (t~'/2e~"). On the other hand, one can evaluate the asymptotic
expansion of the exact result (5) for Re y?> > 1 and Im y? < 0 by using the same saddle point
method (it is formally equivalent to the calculation given above for n = 1),

R oAy
TR (z) =t / e’ —e_’/ ——e! )
1(2) ( ; T ; =

=r(1+3) V2t " +ivmre™. (58)
One may confirm the equality of equations (57) and (58) either by using a canonical
commutation relation [d;,¢] = 1 to bring, e.g., all s to the right of 9;s, or by explicit
substitution of equation (55) to derive an identical asymptotic series
(Z2k = D! 2y
TR (z) = ;; o +iv2Tye (59)

The formal Borel resummation of the series, equation (59), leads to the exact result for the
DoS, equation (5). Therefore, our fermionic replica method gives correctly all orders of
perturbative terms as well as the nonperturbative term of the DoS. Although the imaginary
terms &iv/27y e~2" are artefacts of locating y? in the positive side of the lower or upper half
plane and are obviously absent for real positive y? (i.e. the positive real axis is the Stokes line
for the asymptotic expansions), it is their presence and coincidence that enables us to identify
the two expressions: (50) with a Laplacian applied and (5), viewed as complex functions of y?.

6. Ginibre orthogonal ensemble

For a reason that will be mentioned below, we consider the bosonic replicated generating
function (negative moment of the characteristic polynomial) for the case of Ginibre orthogonal
ensemble:

Z n(z,2) = /  4H e 2 TTHH Gt (7 — H)det™(z — H) (60)
R X
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dH = 7)™V ]_[fvj dH'/. Again we introduce enlarged flavour indices A, B = 1,...,2n
and a 2n x 2n matrix Z. To calculate a negative power of determinant (60) with the help of
commuting variables ¢, ¢, one has to ensure convergence by choosing Im z > 0 and inserting
a matrix /s defined as [34]

1, O
Vs = [ 0 i]l,J
as a result
_ - | T .
Z ,(z,2) = / dH de dep exp <——H”H” +id'\ /s ap (Zpcs”
RN><N C2n><N 2
—8pcHY) \/ECD¢{))

- 1 j i iz i
= /CMN d¢ dg exp (—EfﬁquAB(l’fgf/)lcSCD(bi) + 1¢A\/EABZBC\/ECD¢D>

=/ deQe*%TrQQ/ dé dg
M CZ'XXN

xenp (5 [#004] voun | 50 20 | o |7 )

= | dQd0e ™00 der > [Q %}. 61
/M 0dQ Z G (61)
Here dpdgp = (27) 2V [],, ¢, dQdQ = 2n) " " [[3L 5 d*Qap d®*Qap. and the
integration domain M is a set of pairs of 21 x 2n complex symmetric matrices (Q, Q) that are
mutually Hermitian conjugated, Q = Q. The restriction to symmetric matrices is because
their antisymmetric parts decouple from the bosonic bilinears.

Hereafter, we concentrate on the centre of the circle, |z| < +/N. The large-N saddle point
equations

0+

| =

L 1 N,
Q) =0 §Q+E(QQ) 0=0 (62)

N =

imply
00 = —Nly,. (63)

Clearly, this saddle point manifold lies outside M, for Q Q would have to be positive definite.
For this saddle point to be admissible, one must deform the original integration domain
M={Q%, € R, Q0,5 €iR}, 0* =(Q£0)/2,into M = {Q}, € R, Q5 € Cap}, where
the contour C4 5 is shown in figure 1.

The width of the deformed section of the contour scales as 1/ «/N. Therefore, as long as
y > 1/+/N — 0, the poles of det™"/? [g é] are away from the deformed contour. Then the
saddle point equations can be solved by
0 =+NU 0=—vVNU"! UeGL2n, R) U=uU". (64)

For z small and finite of order unity, one can write for such Q and Q

0277 1 o u'zY
det|:Z Q~i|_exp< 2NTr _Uz 0
1 2 2 —1
= exp N(an —y"Tr UsU s) (65)

where z = x +1iy, Z = x1l,, +1ys.
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\ Cas

Figure 1. Schematic view of the integration contours in the complex Q7 , plane. The original
contour (imaginary axis) can be deformed to C4p that passes through the saddle point (e) without
encircling the poles (o) of the determinant, each of which appears to the left of the saddle point
and symmetrically in four quadrants.

After having deformed the contour of the integration over (Q, O), one must re-ensure
convergence of the ¢ integrals in equation (61) by keeping the real part of the quadratic form

i 0z R = PR, >
5[¢¢]ﬁ[z Q}\/E[(ﬁ}——y;w +1x;(|¢a| = [$al’)

ior 0" Re ¢
+[Re ¢ Im@]/5 [ o —iQ*} Js [Im (J (66)
to be negative definite. A sufficient condition is

(VsQ*V/5) g i(VsQ Vs)apeR & s0%s=20" & Qs=s50. (67)

This condition is actually necessary for the real part of the quadratic form to be negative definite

for arbitrarily small y > 0. At the saddle point (64), it implies a constraint UsUs = —11.
Therefore, 5
Z.,(z,2) = e"“Hz)/ dU exp (% Tr UsUls) (68)
D
D={UeGL2n, R)|U=U", (Us)* = -1} (69)

up to an irrelevant constant factor that approaches unity in the replica limit. Here dU is
a Haar measure on the symmetric space of symmetric GL(2n, R) matrices, consisting of
2n + 1 disconnected components with 2n — k positive and k negative eigenvalues. The group
quotient GL(2n, R)/O(2n), which is the saddle point manifold of the bosonic replicated o
model for the chiral Gaussian orthogonal ensemble, is isomorphic to the k = 0 component
by Cartan embedding g — U = gg”, but the component used here as the integration domain
D is a subspace of the k = n component. This difference between non-Hermitian and chiral
Hermitian ensembles is not surprising, because the symmetry breaking parameter z plays a
critical role as a regularization parameter, either in the bosonic replica method or in the bosonic
part of the supersymmetry method in general.
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Equation (68) is invariant under
0 L)
U [g u,} U [“0 u’T:| w,u' € O(n) (70)

so the saddle point manifold shrinks to the intersection of D and GL(2n, R)/O(n) x O(n).
A generic solution to constraint (69) is given by

u 0][sinh® cosh®][ul 0 )
UZ[O vi| [cosh@ sinh®i||:0 vTi| © = diag(6.) u,v € 0n). 71

Comparing equation (71) with (47), the Haar measure dU in terms of this parametrization is
formally obtained from equation (48) by a replacement ® — 7 /2 — i®. Accordingly,

dU = dudv l_[ d cosh 6, | A(sinh? 0)]. (72)
a=1

By substituting

Tr UsU_ls=—TrU2=—4Zsinh20a—2n (73)
a=1
one finally obtains

ol da 2
Z 4(2.2) = ”(N"z‘z)/ | |<— 2y *a) AL 74
(z,2) =e o 11 1+kae AR (74)

where A, = sinh*6,. Note that an identical expression also follows from the case with
y = Imz < 0. Once again we have encountered the resemblance between the DoS (6) and
the generating function (74).

For y? > 1/N this integral is dominated by the vicinity of the end point 1, = 0. By
temporarily approximating (1 + A,)~'/?> ~ 1, one obtains

Z (2. 2) = WD =0y o0, (75)

In order to obtain the perturbative corrections in 1/¢, one expands the (1 + A,)~'/? factor in
powers of A, as in section 5. Accordingly, the generating function reads

Z_u(z,7) = e"NTED (1 — 57122, (76)
The DoS is then given by

. 1
TR(2) = llr% __nazaizfn(zv 2)

=1+ 3{0,,1}9,(1 — 3,) " log1. (77)
On the other hand, one can evaluate the asymptotic expansion of the smooth part of the exact
result (6) for Re y? > 1 (this calculation is formally equivalent to the above given one for
n=1),
TR (z) =t(1—d) ! (t > 0). (78)
One can confirm the equality of equations (77) and (78) either by using [d;,¢] = 1 or by
explicitly deriving an identical asymptotic series

2 (=DF2k =D
TRi(2) =)y —— ", (79)
g (2y)*

The formal Borel resummation of this series leads to the smooth part of the exact result (6).
The 6 function peak of the DoS localized at y = 0 cannot directly be captured by our bosonic
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replica treatment that requires a finite imaginary part of z>. However, it can be restored from
the Borel-reconstructed smooth part through a normalization sum rule

/ (TRi(y) — Ddy =0 (80)

with a correct coefficient /7. Therefore, the bosonic replica method correctly gives all orders
of the perturbative terms as well as the absence of exponentially decaying terms (and the
Stokes line at the positive real y? axis), and indirectly the § function term of the DoS.
Finally, we comment on the fermionic replica treatment of the orthogonal ensemble.
Following the same steps as in section 5, one may obtain equation (45) with the integration
domain being 2n x 2n antisymmetric unitary matrices, which is isomorphic to a group quotient
U((2n)/Sp(n) by Cartan embedding g — U = gJg” (accompanied by a trivial change
2N — N). At present, we are not aware of an appropriate parametrization, such as equations
(47) or (71), of the intersection of this coset and U (2n)/U (n) x U (n). Consequently, these
generating functions are not available in the form of n-fold integrals as in equations (13),
(32), (50) and (74) that are suitable for the asymptotic analyses. This difficulty also arises
in the bosonic replica treatment of the symplectic ensemble, whose saddle point manifold is
an intersection of U*(2n)/Sp(n) and U*(2n)/U*(n) x U*(n). It is currently not clear to us
whether this difficulty is merely a technical obstacle or has an essential reason behind it.

7. Discussions

We have derived the fermionic or bosonic replicated nonlinear o models for Ginibre unitary,
symplectic and orthogonal ensembles. The corresponding symmetric manifolds are subspaces
of U(2n), U(2n)/ 0O (2n), and of a space adjacent to GL(2n, R)/O(2n) correspondingly, in
conformity with Zirnbauer’s classification. The proper parametrization of the manifolds and
subsequent integration of irrelevant degrees of freedom leave one with the n-fold compact
or noncompact angular integral. Performing the asymptotic analysis of such an integral,
one obtains sums over a variety of possible saddle points both replica symmetric and replica
nonsymmetric. After analytical continuation, n — 0, only a replica-symmetric contribution
and possibly a few nonsymmetric ones survive. The former are responsible for the perturbative
(polynomial in inverse large parameter), while the latter for the nonperturbative (essentially
singular) contributions to the correlation functions. For the DoS calculation, it is possible to
evaluate the infinite order perturbative expansions near these saddle points. One may also
show that the Borel resummation of such expansions after n — 0 limit leads to the exact
results valid for an arbitrary spectral parameter.

We recapitulate our findings for the non-Hermitian ensembles at hand. The bulk of the
DoS in the unitary case (constant) is fully given by the replica-symmetric saddle point. The
nonsymmetric contributions show up only if one approaches the very edge of the spectral
support, giving the exponentially small deviations from the abrupt behaviour on the border of
the circle. The irreducible part of the two-point correlation function (exponentially decaying
with the distance between the eigenvalues) is fully given by a single replica nonsymmetric
saddle point. In the symplectic case the situation is different. In addition to the symmetric
contribution that is determined to all polynomial orders, the nonsymmetric contribution exists
already on the level of the bulk DoS. It brings an exponentially small correction (not oscillatory
5 Inthe y — 0 limit, complex conjugate pairs of poles in figure 1 merge at the real axis, so the integration domain

M cannot be deformed to M without picking up the residues. This is the origin of the §(y) function peak of
the DoS (6).
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as in the case of Dyson ensembles) to the symmetric contribution, which is crucial in making
contact with the exact result. In the orthogonal case, there only exists a single replica-
symmetric saddle point that gives all polynomial orders of the DoS, and the exponential
corrections to the symmetric contribution are absent. One can restore the § functional peak
from the smooth part of DoS reconstructed by the Borel resummation. The presence/absence
of exponential corrections is a direct consequence of compact/noncompactness of the saddle
point manifold which is the target space of the fermionic/bosonic replicated nonlinear o
models.
Finally, we list possible lines of future investigation:

e The resemblance generally observed between replicated generating functions (13), (50),
(74) and corresponding DoS (4a), (5), (6), as well as a surprising small-n reduction
(B9) of the former to essentially one-component integrals, makes us speculate that the
replica treatment may be applicable to Ginibre ensembles beyond Borel resummation or
asymptotic analyses (for large symmetry breaking parameters |w|, y or at large N) and
could indeed produce full exact results. Presumably, it could be done by applying a
complete set of loop equations to the n-fold integrals to reduce them directly to one-fold
integrals®.

e Application to off-diagonal parts of the remaining two Altland—Zirnbauer superconducting
chiral classes [35], i.e. non-Hermitian complex symmetric and complex self-dual matrices
[23], should be interesting in its own right, as analytic results have not yet been obtained
via other methods. It would require appropriate parametrization of the FF or BB blocks
of the Riemannian symmetric superspaces D | C and C | D.

e Starting from Hatano—Nelson disordered Hamiltonian, either with strong or weak non-
Hermiticity [10, 11], one may obtain a finite-dimensional nonlinear o model of the
corresponding symmetry class. Our formulation and results should serve as a ground
upon which non-Hermitian disordered Hamiltonians in the diffusive regime (with or
without interactions) may be treated.
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Appendix A. Jacobian

In this appendix, we compute a Jacobian associated with parametrization (47) following [32],
section VIIF and appendix A, where the following was proven (Zirnbauer—Haldane): let G be
aLie group, G, a subgroup that commutes with s, K another subgroup whose right action on G
leaves a function f of G invariant, A amaximal Abelian subgroup for the Cartan decomposition
of G with respect to K, M a subgroup of G, N K that commutes with all elements of A,and A* an
open subset of A such thatthe map ¢ : (G,/M) x A* — G/K, (gM,a) — gaK is bijective.
Let dg be a Haar measure on G, dgx a Haar measure on G/K, and da a Euclidean measure on
A. Let T (o) denote a Lie algebra for a Lie group and a tangent space at the origin for a group
quotient. 7(G) = T(G/K) é T (K) decomposes into the even (,) and odd (,) elements with

6 Note that in this paper we have not utilized a loop equation at py = —1 (the L_; constraint), which relates an
n-fold integral to an (n — 1)-fold integral arising from the lower end of the partial integration.
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respect to an involuntary automorphism g +— sgs. As the action of ad(loga),a € A*, maps
T'(K)e+T(G/K)o > T(G/K)o+T(K), and T(K), + T(G/K). = T(G/K)c + T (K)o,
the set of positive roots A* of G decomposes into A} and A} accordingly. Then the Jacobian
J (a) associated with the map ¢,

Sf(gK)dgk =/ </ f(gaK)dg) J(a)da (AD)
G/K A+ G,
is given by
J(a)= [ sinha(loga) [ | cosha(loga). (A2)
€A} aEA}

In the case of fermionic replica for Ginibre symplectic ensemble, we take
G =U(2n) K =0(2n) G, =Un) xU(n)
. 2N isi )
A3 a=exp <l|:0 @}) _ [cos(@/ ) isin(®/ ):|

210 0 isin(®/2) cos(©®/2)
© = diag(6,) da =[] db, (A3)
a=1
2
f(gK) =exp (—y? Tr ggTS(ggT)IS) (A4)

and identify gg” in equation (A4) with U in equation (45). For g € G,,
Tr(ga)(ga)"s((ga)(ga))™'s = Tr a’sa™s

_T cos® isin®|(1 O cos ® —isin® | (1 O
= Tisin® cos® ||0 —1]|-isin® cos® 0 —1

=2) (cos>, — sin’6,) (AS)
a=1
and thus the integration over G, is trivial. Without loss of generality one may restrict {#} in
acell) > 6, > --- > 6, > 0. The eigensystem of ad(loga)X = [loga, X] = «(loga)X is
given by

Positive Root Eigenvector
@ =ib, €A} (@a=1,...,n) Xap=257s}) e T(G/K).+T(K),
0,460, [A* 885 160085 € T(G/K), +T(K),
a=i——— e \fdsa<bsn) Xap=1 5 @0
e 8,485, — 08,05, €T(G/K)o+T(K),
(A06)
where 5?;) = 4q £ S4q+n- Accordingly,
“ “ “ 6, — 6 O+ 0p . 00—0p . O,+0
J(a)da:ﬂd@a([[lcos@ag(cos 5 b cos 5 ® sin 5 ® sin > b)
= 1_[ dsin6, 1_[ (0052 6, — cos® Qb) = l_[ dsin6, A(cos®6) (A7)
a=l1 a>b a=l1
up to an irrelevant positive constant. In a generic cell, one would have
J(a)da = ]_[ dsinf,|A(cos® 0)|. (A8)

a=1
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Appendix B. Loop equation

In this appendix, we derive loop equations [33] for an (auxiliary) Laguerre orthogonal ensemble
and solve them in the replica limit, as is essential in deriving asymptotic series for the generating
functions [17].

Consider a set of n random non-negative numbers {A,} whose unnormalized joint
probability distribution is given by

do() = [ drae ™ 1AM)I. (B1)

a=1

Let (- --) denote an average with respect to dp(A). An expectation value of a product of
elementary symmetric polynomials w, = Y AL,

<li[a),,,> pi €N
i=1

is called a loop amplitude. Loop equations (a.k.a. Virasoro constraints [36]) are derived from
integrals of total derivatives

/ ]_[ dg Z (A”““]_[wpl []e™ |A(A)|> =0 (B2)
a=1

(pi =0,1,...). By applying derivatives to each of the factors, one obtains

Po

1 . 1 :
p02+ <“)po 1_[ ‘Upi> t5 Z <‘Upopwp l_[ a)p,->

i=1 p=0

+ ZP: <wpo+pl 1—[ Wp, > = t<a),,0+1 l_[wp> (B3)

J (i)

Starting from wy = n, this set of loop equations recursively determines whole loop amplitudes.
The first few of them are

() = n(l+n)
Y=
() n(l +2n +n?)
w) = —"—7"7—
: 22
) n(2+3n+2n%+nd)
fwi) =
472
(B4)
n(8 + 19n + 16n% + 5n3)
(w3) = 3
8t
n(4+9n +7n% +3n +n*)
(W) = 403
3 n(8 + 14n + 13n% + 91 + 3n* + 1)
fw?) = ’e
813

Degree-counting in equation (B3) leads to

<]‘[ a)‘,,/_> = 17Xl (u,, n+ 0nY) for pi=1,2,.... (BS)
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Now we prove a surprisingly simple formula

1 s
U =5 ((2op) =1t =120 (B6)

i=1
by induction: equation (B6) holds at degree 1, v; = 1/2. Assume that it holds for all loop
amplitudes of total degrees > ;_, p; = k. An amplitude of the degree k + 1, Upys1,p,.... p,

with po+ 1, p1, ..., ps = 1 is given as a linear combination of these amplitudes by the loop
equation (B3). If pg > 1, its LHS gives
po+1 Po -1 <
Upg+l,pr.csps = B sz sz - 1!

i=1

> o (B7)
i=0

thus equation (B6) also holds for v 1, p,,...p,- If po = 0, the first two terms of the LHS of
equation (B3) are of higher orders in 7, so one again has

Ulp,.. Zpl % Zpi—l !=% Zpl- } (B8)

i=1 i=1 i=1
Therefore equation (B6) holds for any loop amplitude of the total degree k + 1. This ends the
proof. It means that the loop amplitude depends only on the total degree of the symmetric
polynomials in the small-n (replica) limit’,

[Ten ) ={or=")a+om. (BY)
i=1
Aslong as Ret > 0 and Im# < 0, one can rotate the integration contours of A from [0, co) to
[0, ico) without ever modifying the loop equations and violating convergence. This justifies
the transition from equation (53) to equation (54).

Note added in proof. After submission of the original manuscript, we have confirmed that the fermionic replica applied
to the Ginibre orthogonal ensemble does indeed reproduce the asymptotic expansion (79) of the exact result (6).
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