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We study unlearning of mixed states in the Hopfield model for the extensive loading case.
Firstly, we focus on the case I that several embedded patterns are correlated with each other,
whereas the rest are uncorrelated. Secondly, we study the case II that patterns are divided into
clusters in such a way that patterns in any cluster are correlated but those in two different
clusters are not correlated. By using the replica method, we derive the saddle point equations
for order parameters under the ansatz of the replica symmetry. The same equations are de-
rived by the self-consistent signal-to-noise analysis as well in case I. In both cases I and II,
we find that when the correlation between patterns is large, the network loses its ability to
retrieve the embedded patterns, and depending on parameters, a confused memory which is a
mixed state and/or the spin glass state emerges. By unlearning of the mixed state, the network
gets the ability to retrieve the embedded patterns again in some parameter regions. We find
that to delete the mixed state and to retrieve the embedded pattern, the coefficient of unlearn-
ing should be chosen appropriately. We perform the Markov chain Monte Carlo simulations
and find that the simulation results and theoretical ones agree quite well, except for the SG
solution in some parameter region due to the replica symmetry breaking. Furthermore, we
find that the existence of many correlated clusters reduces the stabilities of both embedded

patterns and mixed states.

1. Introduction
Since an associative memory model, the Hopfield model," has been proposed, many stud-
ies on attractor neural network models have been done.>® Among others, There is a paper

on dreaming in which the authors consider that one role of dreaming is to regulate memories,
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that is, unnecessary memories are considered to be deleted by dreaming.” In this context,
studies on unlearning have been done.®-!!-1%

In dreaming, many memories appear, and each memory is usually not strange itself, but

dreams themselves are sometimes unrealistic and strange. In the Hopfield model, undesirable
memories are the mixed states and spin glass states. A spin glass state does not have any
correlation with any embedded patterns, and it seems that it does not appear in dreaming. On
the other hand, a mixed state is a mixture of several embedded patterns, and is considered to
appear in dreaming.
Let us consider methods to regulate memories in the Hopfield model. One method is to en-
hance the stability of the embedded patterns, and usually the Hebbian rule is used. However,
for this method, the stability of the mixed states composed of strengthened patterns are also
enhanced, and thus this method is not appropriate to regulate memories. Another method is
to reduce the stability of the mixed states. Unlearning is considered to reduce or lose a mem-
ory, and reducing the stability of the mixed states is regarded as unlearning of mixed states.
The anti-Hebbian rule, which is the Hebbian learning multiplied by negative coefficient, has
been used as the method of unlearning. For example, unlearning at high temperature!>!?
which is the anti-Hebbian learning of spin glass states and unlearning of the product of local
fields by the anti-Hebbian rule!? have been studied. In the present paper, we also adopt the
anti-Hebbian rule for unlearning of mixed states.

Previously we studied unlearning of mixed states in the Hopfield model for the case that
the number of patterns p is much smaller than that of neurons, N.'¥ By unlearning of mixed
states, we showed that there is an unlearning region of parameters where all patterns are
retained and all mixed states are deleted, although tuning the parameters in this region is
more difficult as p increases since the region shrinks.

It is interesting to study the extensive loading case and also the effect of correlations
between embedded patterns. It is known that, when there is a correlation between patterns,
mixed states also appear for a rather wide range of parameters, and there are parameter re-
gions where mixed states exist but the memory states do not. Thus, in this paper, we study
unlearning of the mixed state in the Hopfield model for the extensive loading case with and
without correlations between patterns. In particular, we study two cases, case I that several
patterns are correlated and others are uncorrelated, and case II that patterns in the same clus-
ter are correlated and patterns in two different clusters are uncorrelated. We derive the saddle
point equations (SPEs) by the replica method for both cases and by self-consistent signal-

to-noise analysis (SCSNA) for case I. We show that by unlearning of a mixed state we can
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eliminate the mixed state and retrieve a memory pattern in some parameter regions.

This paper is organized as follows. In sect. 2, we study case I. We formulate the prob-
lem by the replica method and describe the saddle point equations (SPEs) of overlaps. We
compare the theoretical results and results by the Markov chain Monte Carlo simulations
(MCMCs) for the case that temperature 7 is positive and the number of correlated patterns is
3. We also study the de Almeida-Thouless (AT) stabilities,'> derive the 1-step replica symme-
try breaking (1RSB) solution.'® However, we could not find solutions of the SPE for 1IRSB
solution numerically. Furthermore, we treat unlearning by the SCSNA, and study the case that
the number of correlated patterns is 9 at 7 = 0, and compare the theoretical and numerical
results. In sect. 3, we study case II and make a similar analysis to case 1. Section 4 contains
a summary and discussion of the results. In Appendix A, we derive the free energy and the
SPEs for case I. The SPEs of the 1RSB solution is described in Appendix B for case I. In
Appendices C and D, we derive the free energy and the SPEs, and the formula for the AT

stability for case II, respectively.

2. CaseI. Several correlated patterns and others uncorrelated
2.1 Formulation

The Hopfield model is a recurrent network of N neurons and all neurons interact with each
other. The state of the ith neuron is represented by s;. s; = 1 or 5; = —1 corresponds to a firing
or rest state, respectively. Let & = (¢£],&, ..., &) be uth pattern, where = 1,2,---, p. We
assume that &/ takes values of +1. Furthermore, we assume that the three patterns ¢}, &7, &
are correlated with each other, and other patterns are not correlated with each other and with
these three patterns. We generate three patterns as follows. Let £™ be a mother pattern for

a fixed j. This takes +1 with the probability 1/2. Then, we generate a pattern fzf , which takes

the value £, with the probability P = 1+2‘/5 and —¢;'™ with the probability 1 — P. We denote

the average of & with the mother pattern £;™ fixed by () and we have
&) = &™ Va, (D
(€€ a&™E™  (u# ). (2)

Furthermore, if we take the average over the mother pattern, we have

[€1=0, (&1 = a6, (u# ). (3)

Here, we denote the average over {f’; } and {§§m)} by [-]. Now, let us consider unlearning of

the mixed state £ = sgn(¢} + £; + £)). Denoting the interaction of the Hopfield model by
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w o= Z | €€, we adopt the following interaction,

p
ij — ij(H) _ é_—mlx mix __ Z ﬂfk fmlx le. (4)

/’l:

The Hamiltonian is given as

| =

N
= - Z JjSis = — Zp:(% ng;sjy
j<k u=1 j=1

hN 1 —h
_(_ Zé_—mlx _. (5)

Now, we study the system by the rephca method. We consider the situation that some of
correlated patterns and mixed states composed of these patterns are retrieved. We obtain
the same results by the SCSNA. The partition function is Z = Tr(,, exp{—BH}, where T is

temperature and 8 = 1/T. Regarding patterns as quenched varlables, we calculate the free

energy F = —T InZ averaged over patterns, [F]. In order to take the average, we use the
replica method and introduce the replica index p, (s}, s5, -+, %), p = 1,--- ,n. By using the
standard recipe, we obtain the free energy per neuron f = [F]/N = =T[InZ]/N as
(mT)2 ( m1X)2
f o= - Z o Trln((l -BE-pO)+ 5 Z ool
‘r<3 .0
——ﬁanTr{sp exp(ﬂ )> L2} (6)
a8
pFET 7<3,p

Here, (-);1 2,7 means the average over ', 7%, 7° where 7 takes +1 with the probability 1i2‘/5.

See Appendix A for the derivation. Here, 7™* = sgn(n' +1? + 1) and we define the so-called

spin glass order parameter g,,(0 # o) and n X n matrices, E, K and Q as

1 o
Gor = 5 DL ®)
J
Ep = G ©)
KpO' = 5,00' _ﬁq,cro" (10)
qpo, fOrp # 0
Qr = {7 (11)
0, forp =o.

Note that g,, = 1 in the above expression. The following relations hold.

1
= 3289 (12)
J
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Fow = —ngm@;. (13)

;1>4

2.2 Replica symmetric solution

We assume the replica symmetry.

my =m', qoe =q (P #0), rpe =1 (p#0). (14)

The replica symmetric free energy frs is obtained as

(m‘r)2 rn1x)2 a lgq Qﬁ
; %(11’1(1 —ﬁ+ﬁQ)—m)+7}’(l —Q)
__(szln 2cosh{,8( Varz + Zn m" — hp™m m"‘)})) ) (15)

From this, the SPEs are obtained as

= [ et ann{pVaT 4 Y = e =123, (6

m =
v<3
mrnix — fDZ<nmix tanh{,B( \/&Z + Z nvm" _ hnmlx rn1X)}>m o) (17)
v<3
q = f Dz<tanh2{fo’( Varz+ ) i'm’ = ™m m‘x)}ml,nz,nﬂ, (18)
v<3
q
= —_— . 19
" T U-B+BaP )

There are four kinds of solutions.
Retrieval (R) state m' > 0,m?> = m*> <m', g > 0.
Mixed (M) state m' = m> = m?, g > 0.
Spin glass (SG) state m™ = 0,9 > 0, (r = 1,2, 3).
Para (P) state m" =0,¢ =0, (r =1,2,3).

The transition temperature Tsg from the P to SG states is the same as in the Hopfield model

and is given by

Tsg = 1+ \/C_Z (20)

2.3 AT stability
Here, we study AT stability.'> We investigated the replicon mode, and derived a similar

formula to that in the Hopfield model.” The eigenvalues of the replicon mode are given by

1 1 112
L = —E(u+v)i(z(u+v)2+1—uv) , @1
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u = aof? f Dz(cosh_4{,8( Varz + Z n’'m’ — hnmixmmi")}x,]l,,,z,ng}, (22)

v<3

(1 —B(1 - q))_z. (23)

The conditions for the AT stability are A, > 0 and A_ < 0. Thus, the AT line is given by

v

uw = 1. (24)

2.4  Numerical results of unlearning of mixed state with three patterns for T > 0

In this subsection, we compare the numerical and theoretical results for 7 > 0. We per-
formed Markov chain Monte Calro simulations (MCMCs). We updated neurons 500 X 2
Monte Carlo sweeps (MC sweeps) and took average of order parameters during last 500
MC sweeps. Here, one MC sweeps corresponds to N updates. As initial configurations, we
took states near to &', €™*, and &* depending on solutions we wanted to study. In the region
where only the SG state exists, we took random initial configurations and used simulated
annealing (SA) method. We took 10 samples. In figures below, we display average values of
order parameters together with their standard deviations. We studied the following four cases
for N = 10000 and a = 0.02.
Case 1: a = 0 and & = O (no unlearning), case 2: a = 0 and 7 = 0.2 (unlearning), case 3:
a > 0 and & = 0 (no unlearning), case 4: a > 0 and 4 = 0.2 (unlearning).

The meaning of curves, symbols, and the conditions of simulations are explained only in

the caption of Fig.1 since these are the same in Figs. 2 to 6. Almost all figures, error bars are

too small to realize.

2.4.1 Temperature dependences of order parameters

First of all, we study the effect of unlearning when a = 0 by comparing the results of
cases 1 and 2. As seen from Fig. 1 for case 1, there exist the R state for < 0.7, the M state for
< 0.1, and the SG state for < 1.1. As seen from Fig. 2 for case 2, the M state disappears and
the temperature region where the retrieval succeeds is reduced. That is, unlearning reduces
the stability of the R and M states. This is the same as in the finite loading case of & = 0.!¥
To see the reason for this, we calculate the local field hl.1 ( h?‘i") when the pattern &' ( fmi") is

input.

h) EraE+ &) - g(l +a)&™ + O(Va), (25)

W= S0 aE + 8 48D~ B + OV (26)
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From these equations, we note that when a = 0, the ratio of the signal term to the noise term
in 4! and A™* is smaller for 4 > 0 than for = 0. This is because there is correlations between
&' and £,

Next, let us study the effect of the correlation a without unlearning by comparing the results
of cases 1 and 3. As is shown in Figs. 1 and 3, the correlation enhances the stability of the M
state and reduces that of the R state. From eqs. (25) and (26), we can see the reason for this.
When h = 0, the ratio of the signal term to the noise term in /] is smaller and is larger in A™*

for a > 0 than for a = 0.

(b)

T

Fig. 1. T dependences of m* and q. a = 0 and & = 0. @ = 0.02. Curves: RS solution. Solid curve: R state,

dashed dotted curve: M state, Dashed curve: SG state. Dotted curves are unstable solutions. Symbols: MCMCs.
o:m? +:m? x: m’, and = SG state. N = 10000. Averages are taken from 10 samples. Vertical lines are error
bars. (a) m*, (b) g.
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Fig. 2. T dependencesof m* and q. a = 0, = 0.02, and & = 0.2. (a) m*, (b) q.
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Fig. 3. T dependencesof m* andq.a =0.2h =0.a = 0.02. (a) m", (b) g.
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Now, let us study the effect of unlearning when a > 0. In Fig. 4, we show the T depen-
dences of order parameters for case 4. Comparing this figure with Fig. 3, we note that the
stable region of the R state is enhanced and that of the M state is reduced. From these fig-
ures, we find that at some parameter value where the R state does not exist in case 3, it exists
again by unlearning. From these results, it seems that for a > 0, the effect of unlearning is

complicated and difficult to understand by the signal to noise analysis.

(a)
1 * mé%\\ T 1=
08 | 1 o8t
1 ) e,
206 o | 06 L g
I/ 5 p— o See, q ey
m30.4 F e FROERge i 04 %
M g%ﬁ :.’-‘!"
0.2 \QQ 4 02+ %
s M
IS . AN S . o W
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

Fig. 4. T dependences of m" and g. a = 0.2, = 0.02, and & = 0.2. (a) m", (b) q.

2.4.2  « dependences of order parameters

We also studied @ dependences of order parameters for ¢ = 0.2 and T = 0.5 with and
without unlearning. We found that the R state exists for small « but at some value of «, it
disappears and instead the M state appears in both cases with and without unlearning. That
is, as @ becomes large, the R state tends to disappear and the M state tend to appear. As for
the effect of unlearning, we found that the stable « region of the R state becomes wider for
h = 0.2 than that for 2 = 0, and the stable « region of the M state becomes narrower for
h = 0.2 than that for 4 = 0. This is consistent with results on the effects by unlearning stated
above. We also studied a dependences of order parameters for « = 0.02 and 7 = 0.5 with
and without unlearning. We found that for small a the R state exists but at some value of a,
it disappears and instead the M state appears in both cases with and without unlearning, and

this is also consistent with results on the correlation obtained above.

2.4.3 hdependences of order parameters

Here, we study whether the larger % is the better unlearning works. We set values of
parameters to @ = 0.02,a = 0.2, T = 0.5, where only the M state exists for 4 = 0. The P state
does not exist. In Fig. 5, we draw the unlearning coeflicient 4 dependences of m and ¢ when
&' or €™ is retrieved. Numerical and theoretical results on the R and M states agree quite
well. The numerical values of g scatter, but a lot of values locate near the theoretical value of

the RS solution for the SG state. This shows signs of the breaking of the replica symmetry of
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Fig. 5. hdependencesof m*,q. @ =0.02,a=0.2,T = 0.5. (a) m*, (b)g.

the SG states. As is studied later, the eigenvalue of the replicon mode of the Hessian for the
SG state is negative, and its absolute value is very small. Thus, we consider even though the
replica symmetry is broken for the SG state, g, for the replica symmetry breaking solution
might have a similar value to that of the RS solution. When we studied the R (M) state, we
set initial configurations near to £'(£™*). We also tried 10 random initial configurations and
found that only the M state is retrieved. Thus, it is considered that the basin of the M state is
much larger than that of the R state when patterns are correlated. In Fig. 6, we show the result
of the case that &* is retrieved. We found that the other embedded states and mixed states than

£, € €™ are not affected by unlearning of €™ as in the finite loading case of @ = 0.'¥

0.8
40.6 r
04

02

Fig. 6. hdependencesof m*. @ =0.02,a=02,T =0.5.

2.4.4 h dependences of entropy
In Fig. 7, we show the h dependences of entropy for the R, M, and SG solutions. For all

solutions, their entropies are positive and the solutions are appropriate.

0.4

0.35
0.3 F-

0.25

0.15
01

0.05
0

L L L L
0 0.2 0.4 0.6 0.8 1

h
Fig. 7. h dependences of entropy. @ = 0.02,a = 0.2, T = 0.5. Curves: RS solution.
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2.4.5 hdependences of AT stability
In order to study the AT stability of the RS solutions, we studied the # dependences of

eigenvalues of the replicon mode for the Hessian of the RS solutions. See Fig. 8.

0.4

T T T
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0.25 |
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015
01f %\
0.05 N
0 k. o
-0.05
0

L L L L
0.2 0.4 0.6 0.8 1

h

Fig. 8. hdependences of eigenvalues of the replicon mode A. @ = 0.02,a = 0.2, T = 0.5. Curves: RS solution.

Eigenvalues are positive for the R and M states and these states are AT stable, but eigen-
values for the SG state take negative values, although absolute values are very small. That is,
the SG state is AT unstable and as shown in Fig. 5(b), values of ¢ scatter and this is a sign of
the RSB. See Fig. 9.

(@) (b)
0.4 T T T T -0.4 T T T
-0.42 g 042 |
-0.44 4 -0.44 |
-0.46 g 0.46
-0.48 g 0.48 |

fRS 05 F B fRS 05
052 4 052 F
-0.54 4 -0.54
056 - 7 4 -0.56
058 | 4 -0.58 -

06 L L L L 0.6 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

h h
Fig. 9. hdependences of frs. @ = 0.02,a = 0.2, T = 0.5. Curves: RS solution. (a) R, M, SG, (b) Ry.

2.4.6 h dependences of free energy

Now, we study the free energy for existing states focusing on the behavior of the R state.
Let us denote the free energies of the R, M, SG states, and other embedded pattern Ry as f,
v fscs fr,, respectively. The SG and Ry states always exist and fsg and fg, do not depend
on h. We found the following results.
(1) h < hi(~ 0.09). All states but the R state exist. fiy < fr, < fsG-
(2) hy < h < hy(~ 0.15). All states exist and the R state is metastable. fy < fr < fr, < fsc-
(3) hy < h < h3(~ 0.25). All states exist and the R state is stable. fr < fu < fr, < fsc-
(4) For h; < h < hy(~ 0.35). All states exist. The R state is metastable. fr, < fr < fm < fsc-
(5) For hy < h < hs(= 0.56). All states but the M state exist. The R state is metastable.

fre < fsg < fr.
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(6) For hs < h. The R state disappears, and the R4 and SG states exist. fr, < fsc-
The free energy of the R and M states increase as & increases, and their stabilities reduce. The
free energy of the Ry and SG states are not affected by unlearning.

Thus, to retain the R state and delete the M state, 4 should be set to iy < h < hs.

2.5 1 step replica symmetry breaking solution
We derived the free energy firsg and the SPEs. See Appendix B. We tried to find solutions
of the SPEs for IRSB. However, we could not find any of them. Thus, it is considered that

more than 1 step replica symmetry is broken.

2.6 Numerical results of unlearning mixed state with 9 patterns for T =0
In this subsection, we study unlearning by the SCSNA. By expressing the state of ith

neuron by x;, the retrieval dynamics is given by

4 = % +tanh(3 D). 27)

dt —

J#l
By the SCSNA, we obtain the equations which is essentially the same as the SPEs (16),
(29),(18), and (19). we compare the numerical and theoretical results for 7 = 0. We study

the case of p = 9 and investigate the 4 dependence of m* for fixed a. The M state which is

unlearned is &M = sgn(&! + €2 + - -+ + &). The SPEs are

1 . .
mt = (nTel'f{ —( mm’ - hnm‘xmmlx)}> ey T=1,2,000,9.(28)
— ; {n'.n% 07}
mmix — <nmixerf{ (Z nvmv _ hnmixmmiX)}>{n]J]2’m’7]9}’ (29)
2ar 25
1
R (30)

(1-0)
where ¢ = 1,U = limg,,B(1 — q) and erf(x) = % fox Due™. In Fig. 10, we show the
numerical results of unlearning of the M state with initial condition s = £'. As shown in Fig.
10(a), for a = 0.1 and a = 0.07, when & = 0, the symmetric M state (m' = m?> = --- = m°)
is stable and the memory pattern does not exist. For 0.3 < i < 1.3, the memory pattern m!
exists and is ~ 1. For 1.3 < h, it seems that the memory pattern disappears and the system
shows complex behavior. Similar result is obtained for @ = 0.1 and @ = 0.09. See Fig. 10(b).
Next, we study the case of unlearning a M state which is retrieved for 2~ = 0. See Fig. 11.
Theoretical results are the same as in Fig. 10. We note that region where the memory pattern
is stable becomes wider than that in Fig. 10. This implies that unlearning of retrieved M state

is more efficient than unlearning of the pure M state, ff.m" = sgn(¢] + fl.z + -+ f?).
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(a) (b)
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Fig. 10. h dependences of m*. a = 0.1. Curves: RS solution. Symbols: numerical results by Euler method,
time increment A¢ = 0.1, N = 10000. o : m', A : m> — m°. Initial condition is £!. Unlearning of the M state. (a)
a =0.07, (b) @ = 0.09.

(a) (b)
1.0
1.0 % E
0.8 0.8
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000, p0ie® o
0.2 F4izemg = 50000 021 . o
At T
oo S 0.0 MmO “uiias , o
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Fig. 11. h dependences of m*. a = 0.1. Curves: RS solution. Symbols: numerical results by Euler method,
time increment At = 0.1, N = 10000. o : m', A : m*> — m°. Initial condition is £'. Unlearning of a M state which
is retrieved for 4 = 0. (a) @ = 0.07, (b) @ = 0.09.

3. Case II. Uncorrelated clusters of correlated patterns

Next, we consider the case that patterns in the same cluster are correlated and those in any
two different clusters are uncorrelated. For simplicity, we assume that each cluster contains
p patterns and the correlation between two of them is a, and the number of clusters is M. We
define @ = %, N is the total number of neurons. We denote the v-th pattern in the 7-th cluster

asf(T’V),wherev: 1,2,---,pand7t=1,2,--- , M.

€71 =0, 167761 = (81,1 - @) + ) 610 (31)

We assume that the patterns in the first cluster v = 1 are retrieved. We denote these patterns
as fl,fz, -+, &P and the M state {sgn(fil + fl.z + - -ff)} as {f;“i"}. The interaction Jj; is given
by
1 < oo
Tio= 5 2 2 ETET - e (32)

=1 v=1
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We define the overlap m™ as

1 &
(T,v) _ (TY) o
m = ¥ iél &S (33)

The Hamiltonian is given as

H = —Zijsjsk

Jj<k
_ (L) (T,v) mixy2 pM—h
= Q}m )ygékn)) Ty + P2 a4
By the replica method introducing n replicas s, (p = 1,--- ,n), we derive the free energy f
as
P ap
nf = Z PNCARE: Z(mm”‘) + 55 K+ = > D Fovds
u=1 o T*P
1(1 T Hry (35)
——{n 1ir so‘ p
ﬁ { P}
'B Z FopS? s” +,BZ Z n's“mt. — Bh Z 77““" 7 ?”‘, (36)
T#Ep o u=1
where m(T v = L3y ff”) om) = mi,l " and g, and r,, are the same as in case I, K is an
(np) X (np) matrix and given by
K K ... K
K K ... K
K = |20 (37)
. K
K K ... K
K, K,, Q,E, : nX nmatrices (38)
Ky =(-BE -BQ, K> = -Ba(E, + Q), (39)
Qop = (1 = 64p8)qqp, E1 : unit matrix. (40)

(V! 2, pry 18 the same meaning as in I. The free energy of the RS solution frs becomes

Z (m(l vl))2 (mm1x)2 ﬁ

r(l -q)
VIZp
M Bq(1 - a)
+2'8—N [(p -1 {IOg(l -p(1l-q)(1 -a)) - =B — )1 = a)}

+log (1= B(1 - )(1 + (p - Da)) -

Bq(1 + (p - Da) ]
1 -p(1-q¢)(1+(p-Da)
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1 o
"3 f Dz(log {2 cosh [,8 [ Varz + Z 7' m — hnmmmmmn}x,ﬂ,nz,...,,,,,}.. 41)

VISP

Equations for m™, m™* and g of the RS solution is the same as in case I, and the equation

for r becomes

—_ )2 2
2(1 —a) N (1+2a) . (42)

(1-p0- a1 - a))z (1-p0 -0+ 2a>)2

See Appendix C for the derivation.

OSIEN
—

3.1 AT stability

The AT stability is also similar to that in case 1. The only difference is the expression of

v = (1 + 612(P - 1))(11 - 1_1)2 + 2a(p - 1)(2 +a(p - 2))(11 — 1)L - 1)

+(p - 1)(1 +2a(p —2)+a*(p* -3p + 3))(12 - L) (43)

11,1, b, I, and details of the derivation are given in Appendix D.

3.2 Numerical results

We set p = 3. Similar to case I, we numerically study 7" and & dependences of order
2

parameters etc. We show results for m!, m?, m?, and m™*. Results for g are shown in summary
and discussion.

We studied the following four cases for N = 90000 and o = 0.02.

Case 1: @ = 0.15 and & = 0 (no unlearning), case 2: a = 0.15 and 4 = 0.2 (unlearning), case
3:a =0.2 and & = 0 (no unlearning), case 4: a = 0.2 and h = 0.2 (unlearning).

The meaning of curves and symbols are the same as in case .

(@ (b)
1 % T 1 ® —
ws% vve%\
08 1 08
1 - 1
m§0.6 Fasaag 1 m§0.6 t
moost 1 moat
02 f e 1 02 f
% 02 04 06 08 1 1z 14 00 0z 04 06 08 1 iz 14
T T

Fig. 12. T dependences of m". a = 0.15 and & = 0.02. Curves: RS solution, symbols: MCMCs. N = 90000.

Averages are taken from 10 samples. Vertical lines are error bars. (a) & = 0, (b) h = 0.2.
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Fig. 13. T dependences of m". a = 0.2, = 0.02. Curves: RS solution, symbols: MCMCs. N = 90000.

Averages are taken from 10 samples. Vertical lines are error bars. (a) & = 0, (b) h = 0.2.

3.2.1 Temperature dependences of m', m* and m?

Results for cases 1 and 2 with correlation a = 0.15 are shown in Fig. 12. As in case I, the
M state disappears by unlearning. In cases 3 and 4, the correlation is increased to 0.2 from
0.15 in cases 1 and 2, and results are shown in Fig. 13. We found that the M state disappears
by unlearning for a = 0.2, as well. Furthermore, by comparing cases 1 and 2 we note that the
stability of the M state increases and that of the R state decreases as the correlation increases
as in case .
Now, let us compare the results in case II with those in case I. By comparing Figs. 3 and 13,
we found that the existence of clusters reduces the temperature region where the M state is
stable. The reason for this seems that in case II, r increases, that is, the effect of non-retrieved
patterns is stronger than in case I, because of the existence of other clusters within which
the patterns are correlated. Furthermore, the existence of clusters causes more complicated
bifurcation structures, e.g., the first-order phase transition between two different mixed states

as shown in Fig 14.

1 T
4
08 3

A |
5\3\4
JmiRe [+

04

02

0 I I I I I I
0 02 04 06 08 1 12 14

T
Fig. 14. T dependences of m™*. @ = 0.02,a = 0.2, T = 0.5. Curves: RS solution.

3.2.2  hdependences of m',m?, and m?

From Fig. 13, we note that at 7 = 0.45, only the M state exists at 7 = 0, whereas the M
state does not exist and the R state exists at 2 = 0.2. To study in more detail, fixing 7 = 0.45
and a = 0.2, we studied the & dependences of m!, m?, and m> both in cases I and Il. Comparing
Fig. 15 (a) and (b), we note that the M state disappears at a smaller values of % in case Il than

in case I, and the R state appears at a larger value of /& and disappears at a smaller value of
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h in case II than in case 1. As a result, the existence region of 4 becomes narrower in case II
than in case 1. Therefore, it is concluded that the stabilities of the R and M states reduce due

to the existence of clusters.

(a) (b)
1 1 T T
0.8 = 0.8
méo.e méo.e
m3 m3
moos moos
02 02 M
1 1
0 ! ! 0 B
o 02 04 06 08 1 o 02 04 06 08 1
h h

Fig. 15. & dependences of m". a = 0.2, = 0.02, and T = 0.45. Curves: RS solution, symbols: MCMCs.
N = 90000. Averages are taken from 10 samples. Vertical lines are error bars. (a) case I, N = 100000, (b) case
II, N = 90000.

3.2.3 hdependences of entropy
In Fig. 16, we show the & dependences of entropy for the R, M, and SG states. For all

states, their entropies are positive and these states are appropriate.

(a) (b)
04 . . . . 04 : T T
035 1 035
03 1 03
025 1 025 |
S oz} - 4 S o2t g
o5k~ 1 015 <
01 1 01 1
005 1 005

0 I I I I 0 I I I I
0 0.2 0.4 0.6 0.8 1 0 0.02 0.04 0.06 0.08 0.1

h h

Fig. 16. & dependences of entropy. @ = 0.02,a = 0.2,7 = 0.45. Curves: RS solution. (a) 0 £ & £ 1 (b)
0<h<0.1.

3.2.4 hdependences of AT stability

In Fig. 17, we show the /& dependences of eigenvalues of the replicon mode for the Hessian
of the RS solutions. Similar to case I, the R and M states are AT-stable, but the SG state is
AT-unstable.

3.2.5 hdependences of free energy
In Fig. 18, we show the / dependences of free energy for the R, M, and SG states. The

free energy of the SG state is lowest among all states for any /4, and this result is different from
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0.4

4
(a) (b)
035 |- ‘ ‘ i 035 |- ‘ ‘ ‘
03 /\ i 03
025 | 1 025 |
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Fig. 17. h dependences of eigenvalues of the replicon mode 4. @ = 0.02,a = 0.2, = 0.45. Curves: RS
solution. (@A) 0<h=1(b)0=h<0.1.

the result that the M state has lowest free energy at small values of 4 in case I. We obtained
the following results when 4 is changed.

(1) h < hy(~ 0.005). The M and SG states exist. fsg < fum.

(2) hy < h < hy(~ 0.0925). Only the SG state exists.

(3) hy < h < h3(~ 0.42):.The R state appears. fsg < fr-

(4) h3 < h. Only the SG state exists.

At T = 0.45, the coexistence region of the R and M states does not exist. Thus, the change in

stability between the R and M states does not exist in case I different from in case 1.

(a) (b)
Fes il / | fagen|
h h
Fig. 18. h dependences of fgs. @ = 0.02,a = 0.2,T = 0.45. Curves: RS solution. () 0 <A< 1(b)0=h <

0.1.

4. Summary and Discussion

In conventional Hopfield Model, not only retrieval (R) state but also mixed (M) states
are stable. According to previous research, unlearning of mixed states decrease stability of
the M states and increase that of the R state for a finite number of embedded patterns. We
studied unlearning of a mixed state for the extensive loading case that the number of patterns
p is proportional to that of neurons N and for the case that the correlation between patterns
exists. We focused on the following two cases; case I: Only three patterns are correlated and
the rest of patterns are uncorrelated, case II: Ensemble of clusters composed of correlated

patterns such that there is no correlation between the clusters. We used the replica method
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and derived the saddle point equations under the ansatz of the replica symmetry. We per-
formed the Markov chain Monte Carlo simulations (MCMCs) and compared the numerical
and theoretical results.

First, we summarize the results for case I. We examined the temperature dependence of
some order parameters: the overlap between embedded patterns {£!} ~ {£7} and the neuron
configuration {S;}, m', m*, m?, and the spin glass order parameter, g. We performed MCMCs
for the following four cases with the different values of correlation a and unlearning coeffi-
cienth:(1)a=0,h=0,(2)a=0,h=0.2,3)a=02,h=0,(4)a =0.2,h = 0.2. Comparing
(1) and (2), we noted that the M state is removed by unlearning for @ = 0. However, the tem-
perature region where the R state is stable is also reduced. From the results of (1) and (3),
we found that the stability of the M state increases and that of the R state decreases with the
increase of a. For a = 0.2 and T = 0.5, we also examined the /& dependence and found that
the R state is removed for too large 4. Thus, we should set & appropriately. From the results
of h dependences, the retrieval solution R4, which is the state with the large overlap m, and
is uncorrelated with the target mixed state for unlearning, is not affected by unlearning. In a
spin glass (SG) state, we observed the two values of g, one of which is near to the replica
symmetric (RS) solution and the other is different from the RS solution. When we performed
the simulations with 10 random initial states, the M state appeared for all of the initial states.
Thus, we consider that the basin of the M states are larger than that of the R state.

We examined the & dependence of entropy and confirmed that entropy is positive for the
R, M, and SG states. In addition, from the results of the /4 dependence of the eigenvalue
corresponding to the replicon mode A we found that the RS solution is stable for the R and M
states but is unstable for the SG state. Therefore, it is reasonable that there exists disagreement
between the theoretical and numerical results for the SG state. Furthermore, we studied the
h dependence of the free energy. From the results for the R and M states, we noted that the
stability changes as & changes. In ascending order of 4, the stability changes as follows; only
the M state is stable, the R state is restored but it is metastable, the R state is stable and the
M state is metastable, the M state is removed, and the R state is removed. Moreover, the free
energy of Ry is lower than that of the SG state, and they are more stable than the R and M
states when £ is small but more unstable when 4 is large.

Next, we summarize the results for case II. We compared the results of the temperature
dependence for the following four cases: (1) a = 0.15,h = 0,(2) a = 0.15,h = 0.2,(3) a =
0.2,h =0,(4)a = 02,h = 0.2. As is in the case I, the M state is removed by unlearning.
Comparing I(3) and II(3), we found that the stable region of the M state for case 1l become
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narrower than that in case I. Furthermore, we compared the results of the 4 dependence for
cases [ and II with a = 0.2, T = 0.45, and noted that the M state is removed at smaller 4 for
case II than case I. Moreover, the stable region of the R state decreases. Thus, we confirmed
that the correlation between embedded patterns decreases the stability of the R and M states.

We studied the & dependence of entropy and 4. We confirmed that entropy is positive for
the R, M, SG states, and the RS solution is stable for the R and M states and unstable for
the SG states as in case 1. Fora = 0.2 and T = 0.45, the R state is restored after the M state
is removed. Thus, the coexistence of the R and M states is confirmed in case I, but it isn’t
observed in case II. In contrast to case I, the SG state is always more stable than the R and M
states.

Now, let us discuss the stability reduction of solutions due to the existence of clusters. In
both cases I and II, by comparing temperature regions and the range of 4 where the R and M
states exist, we confirmed that the stabilities of the R and M states become more weak in case
II than in case I. Furthermore, in case I, by the MCMCs using random initial configurations,
we found that the basin of the M state is much larger than that of the R state. Therefore, in
case II, it seems that the mixed states with a large basin exist in each cluster, and as a result,

each retrieval state and each mixed state are affected and their stabilities reduce.

(b)
.
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xxxxng "
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06 -1

q L L L PPEEISIT Lt
0a L nxx ]
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J..ul-xu..'n;.‘:.l'l‘
.t
0 02 04 06 08 1 12 14

T T
Fig. 19. T dependences of g in case II. @ = 0.02,a = 0.2,h = 0. Curves: RS solution. , symbols: MCMCs.

N =90000. (a) = = 0. Among upper two curves existing in low temperature, the upper one is for the R state and

0.2

the lower one is for the M state. (b) 2 = 0.2. The upper curve existing in low temperature is for the R state.

Next, we discuss the SG states. In case II, we performed simulated annealing (SA) at
a=0.2and h = 0.2 for N = 90000. We show the temperature dependences of g in Fig. 19.
In these figures for the R and M states, the sample average and standard deviation over 10
samples are shown, whereas results of 10 samples are shown for the SG state. From these
figures, we confirmed that there are several metastable states for the SG state. Thus, for the
SG state, it seems that the replica symmetry breaking (RSB) takes place. In case I, since the

stability of the M state is stronger than in case II, when the SA was performed at a = 0.2 and
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h = 0.2, the final states are the M or R state and the SG state does not appear, as shown in
Fig. 4(b). By setting to 2 = 0.4 in case I, we could reduce the existence temperature region
of the M state and observe the SG state. In Fig. 20 (a) and (b), we show the results by SA for
N = 10000 and N = 100000. From these figures, we confirmed that several metastable states
exist in case I, as well. Comparing the result for N = 10000 with that for N = 100000, we
note that the number of metastable states increases as N increases. In both cases I and II, it is
found that the SG state is AT-unstable. Furthermore, we examined the # dependence of ¢ in
case Il for a = 0.2 and T = 0.45 and found the SG state which has many metastable states.
What kind of the RSB takes place is one of future problems.

(a) (b)
1n — T 1 — T
o .
08 "a 0 [Hinlly
 } EEyuxh
n xxgnREQ
- My ]
06 [ » "y 06 | L
* EXENN
q ll q ::l.l:‘.‘ll-l
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= PTL L] =y
I ]
0.2 1 0.2 !I
I‘ L
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Fig. 20. T dependences of ¢ in case I. @ = 0.02,a = 0.2, h = 0.4. Curves: RS solution. , symbols: MCMCs.
(a) N = 10000 (b) N = 100000.
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S. Appendix A. Derivation of the free energy in case I
In this appendix, we derive the free energy by the replica method. We start from the

replicated partition function,

_pnp—h) N 1 N hN 1
7" = B3 Tr{sjj} exp{T’B Z(ﬁzfljts?)z_ TIB(
P J

—1

N
S @)
j=1

where T is temperature and 5 = 1/7. By using the Hubbard-Stratonovich transformation, we

obtain

n -zt ” BN . . )’ 1 H Pl
Z' = P Ty _w(]_[ Edmp)exp{ﬁNZ(— > +NZ§J' jmp)}
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Below, we study the case that the three patterns are correlated with each other and others are
uncorrelated. We assume that m!, m?, m* and m™> is of the order of O((%)O) and others are

higher order. We denote the average over {£"} and {&*} by [-]. Then, for u > 4, we have

1 N
() = ;[f';]sﬁ =0, (46)
(7] = < Z[«f“«fk 5. (47)
k=1

Because of [f’;ff ] = 6%, we obtain
e 1 & o |
(71 = <5 2P =5 (48)
J

Thus, m), = O(#) for 4 > 4. Now, we set n,

&} for u > 4, we obtain,

2 = e [ gl ]G

xexp{wz<—<m;> Ao ST S
j=1

7<3,p Jj=1

F (). EPWWWLT] )

;1>4 p.0

=

Now, we take the average over fT. fort=1,2,3and f(.m). Let us define A; as
1 IIllX IIllX a
A; = 3 Z (exp{,BN(Z ~&shimy + Z & stimy )})51 £8 exp(ZN Z Z mimly s° s’ )
§<m)—+l =4 p,o

We set ' = f;m)g; (r = 1,2,3,mix). Then, ; takes 1 with the probability P and -1 with the
probability 1 — P. A; becomes

A; = % > (exp{,BN(Z %n;gﬁm)sﬁ?mﬁz m”‘g(mkf’mml")})nl .
P

£"=x1 <3

X exp( Z Z mﬁm’(‘rs‘;s?)

u=4 p,o
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1++/a
Here, <->{,Il’,]2’,73} 5 -

Furthermore, we take the trace Try and put s‘;’:s‘;fj.m).
J

’ V-h mix 0/, mix ’ o
TrpA; = Try (exp{,BN(Z N ;s my + Z — smy )})n}’,ﬁ’,ﬁ exp( Z Z myml s s )

<30 P uz4 po

Thus, we obtain

1= e (s ] o)

xexp{—,BN Z( (m i + (m;;m)l) - Z (mzz)z}

<3 pzap
x(exp{,BN Z(Z Z nTspm + — Z nm”‘f m”‘)})ml 2,3 exp( Z Z m“m(,qu)
p T3 (>4 po
(50)

In the expression, we omitted  from s” and define

1
= 52908 (51)
J

Note that g,, = 1. Therefore, we obtain
i) ® |BN 1 IBN .
[Z" = eP 7 Try f ( —me)( —dm“)( —dmm”‘)
! _“pl;L 2t yl;,[pm g 1—[ 2t
( p)2 1 3 TSP T ( mlx)z mlxsp mix
x(exp{ﬁNZ Z(— N Z n; jmp) N Z ,]1 )
<3 j=1
,8 T
X exps — Z Z Z mymi; qpe (- (52)
uz4.p

;1>4 foXou
The argument in the last exponential term is expressed as

3 Z (mp) :8 Z Z mnt gy = _% Z Z nly Ko, (53)

u=4.p p>4 Xou u=4 po

where we define

Kpo- = 5p0'_IBQpO'- (54)

Introducing the conjugate variable 7, to g,,, we obtain

ntph) r“p fl_[ ddpe f 1—[ lNa,B dl’pg _ l_l \/ﬁ7N

(z'] = ¢*
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(1 T rom)

#>4p
‘r)2 1 N ( m1x)2 N
P T mix
X<CXP{ﬁN Z(Z( T 2 - LS )}m;,n;n;}
<3 j=1 j=1
Nap?
X exp{—— Z Z nth Koy, — T'Brpg(qp(, Y Z s‘;sj’)} (55)
u=4 po pFO J
The integration with respect to m}, (u > 4) is performed and we obtain
-3
f( l_I —dm“) exp{—— Z Z m“Kp(,m“} = (detK) P2 = exp{—p In det K}
;1>4p u=4 po
p-3 p-3
= exp{— Trln K} = exp{— Tr ln((l -BE —,BQ)}, (56)

where E is the n X n unit matrix and Q is the n X n matrix of which diagonal components are
zero and off diagonal components are g,,. In order to take the average over s‘j’ , we rewrite the
relevant part as

(Trp exp{,B Z Z n;sim, + B \/_Z Z nm”‘spmm”‘ Z rp(, Z s?s;’} )

7<3,p j=1 p Jj=1 pEC

= exp{N(ln Tris) exp(,B Z n s'm; +,8\/_Z77mlxspmm”‘ + Z o’ ——Tpe s’ s ))m ) }

7<3,0 pEC

(57)

Here, we used the self averaging property and replace 2.;8(n%H) by (g({n"}))y since N > 3.

Thus, we obtain

(z'] = B h)fl_ld‘]prrf 1—[ lNozﬁ drpg 1—[ \/ﬁ7N ﬂ\/ﬁWd mix

7\2 mix\2
X exp{N{—[g’ > (mz” - (mpz S _a Tr ln((l ~BE - ,BQ) _F D Footor
7<3,p P pEC
+(In Tryg) exp(z o’ — 108" s” + 8 Z n's’m; + B \/_Z nm‘xspmmlx)hq ) }}
pEC 7<3,p

(58)

where @ = £. We study the case N > 1 and thus the integration can be estimated at the
saddle point. Assuming the self-averaging property, the free energy per neuron f = [F]/N =

—T[InZ]/N is expressed as

S— Z]/N——l[zn]_l
;o= TInZUN =578

(59)
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Thus, we obtain

1 (m;)2 1 (m;,nix)2 a af
= - + — +—T1(1— E - )+— oo
f n 4 2 nz 2 2np rin|(1=HE =50 Zanpqp
T<3,0 P pFEC
——IB(lnTr 152} €XPBH ) ot 2.17) (60)
BH, = Z 5 rp(, s“+p Z n's'my +BN- Z nm”‘spmm”‘ (61)
pET 7<3,p0
By making the variable transformation mle - V- mm”‘ we obtain
(mT)2 ( m1X)2
f o= - Z o Trln((l -BE-pO)+ 5 Z Pl
‘r<3 0 p#(f
——ﬁ(lnTr (2} EXPBH,)) it 2.7 (62)
aﬁz T mix IIllX
BH, = Z —— TS +,BZnspm —,Bth s’ my (63)
pEC 7<3,p
Here, (-);1 2,7 means the average over ', 7%, i7° where 7 takes +1 with the probability 1i2‘/5.
Note that g,, = 1 in the above expression. The following relations hold.
1
_ 1
o= 5 D& (64)
J
1
Fpo = = ) mmy (65)
u=>4
6. Appendix B. 1RSB solution in case I
By the standard recipe the 1RSB solution is obtained and is expressed as
JirsB Z (m’ ) mlx)
7<3
-1 1
+1[’"1 ln(l _B(1 - ql)) ;- ln{l —3(1 +(my = gy — mlqo)}] L9,
Zﬁ ny ny 2
a Q
) L + 7'8((”11 - Drigi — ml”OCIo)
1 —,3(1 + (my — Dy —ml%)
1 - 1
_,8_m]< Duln | Dvcosh™ ZE)i 2,3 — :E In2, (66)
= = B Varou + NG = row + . ifmt = ), (67)
<3
. < TfD va(cosh =)y tanhE> 123 63)
m = u , T=1,24,5,
7 f Dv(cosh )™ )
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mix < rnifo va(COSh E)ml tanhE) (69)
m = u -~
! [ Dv(cosh E)™ KRG
- u I 2 31,
q0 fDV(COSh =y R
<f py oSN i (71)
= u ,
v va(cosh =)m ')
ro = q0 . (72)
{1—ﬁ@+0m_1ml_mﬂﬁ}
re = ro+ 91 — 90 , o)
(1 -p1 - (]1)){1 —/3(1 +(my — Dy — mlqo)}
1 -1 - 1
% 11’1{ ﬁ( ql) } + B<fDl/l ln va(COSh E)ml >{n],r]2,r]3}
1 —/3(1 +(my — g — mlqo)

1=p(1 +m - D)

_ ¢ ~
R o - man )1 -0 - 00)

m [ Dv(cosh E)™ In(cosh E)
+—( | Du = Yt o)
B f Dv(cosh E)y™

(74)

7. Appendix C. Derivation of the free energy in case 1I

In this appendix, we formulate case II in a rather general situation, that is, there are M
clusters, and in the wth cluster, the number of patterns is p,. The v, th pattern in the wth
cluster is represented by {gj.‘””w)}. We assume that patterns in the cluster w = 1 and mixed
states composed of these patterns are retrieved. We study unlearning the following mixed

state &MX,

g = sgn@ + g ). (75)

Now, we derive the free energy. From the Hamiltonian defined in eq. (34), and introducing n
replicas s/, (p = 1,--- , n), we obtain

b=t . |BN * IBN * 1
[Zn] = e Ants Tr{S‘?}f Ln _dml()l,vl))f (1—[ _dm/r:ux)f ( l_l _dm;w,vw)]

BECE Vi 2n >\ p 2n ~° \pw22,v, V2
(m;)lm))z (m’roniX)Z
X -BN +
exp{ ﬁ (pz3 2 ; 2
VIS
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exp {,BN( Z Zé:(l VI)SP (1v1) n Z nglxsp mlx)}]
3

V1<P
(W,70)32
X expy{ — Z —(m ) X [exp Z Zf(‘” V”)S‘O (‘“ vo) (76)
2 pw>2v j ’

P22,V

X

(Wvw) _ W,V mix mix (WVw) _
where we define my*" = L 3, £ and m™* = L 3, "% Here, my™" = O(1/ VN)
and we replace m\”" by m\"” | BN for w = 2. The term for w = 2 is calculated as follows.

exp{\/g Z Zf(wvw)sp (wvw)}]

p,ng,vw J
- [Jeol(S S e 3 Sl
w22 Vo PO Vo#Vl, PO

where g, = + ; 8/ s7. Thus, we obtain

nexp _Z( (wvm) (sz(wvw) (, V‘*’)qu+ Z Zam(w V) (wvw)q ]

w>2 PV Vo PO VotV PO

= nexp — Z Zm(‘“ V“’)KV(“,V m @l (78)

w22 vwv P,

where we define

K;g-vw = 5vwv;(5p0' _IBQpO') + (1 - 5vwv;)(_:8an0')- (79)
Let us define K’ for the wth cluster as follows.
K K - K
1- ﬁ _ﬁQpO' _ﬁa _IBaqu'
K2 K] .
K(w): ,Klz ,KZZ )
. . K2
_ﬁQpO' 1- ﬁ _IBaqu' _IBa
K, - K, K
(30)

where K is the np,, X np,, matrix and K; and K, are the n X n matrices. The integration with

(W,vw)

respect to m,” ' (w 2 2) is performed and we obtain

foo[ 1—[ \/%dm(w Vw))exp —= Z Z Zm(w V“')KV“’V (wv )
B T

P \w=2,v,,p w>2 ViVl 00

2
= expy-

Now, we study the case that p,, is constant and is set to p, and thus we put K’ = K. As is in

the case I, we set ]! = g}l’yl)§§m>, = f;."i"fﬁ.m), and ($) = § ?fﬁm) . The integration can be

! log(det K(“’))} . (81)
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estimated at the saddle point and we obtain

" a5t (my)? m™ M af’
(2] ~ e '3 exp {N {—,B > g +ph Y "2 ~ 5 log(det K) - =~ > Footpr
PVISP P p#EC
V1 QP V1 mix ¢ p,,,mix a/ﬁz pQO
+<10g Tr{Sp} exp ﬁ Z n S m, —ﬁh Z n S m, + Z TrPU'S S >{,71’...’,7P} ,
PVIEPp p pEC

(82)

Vi _— (1

where we define m,' = m, ") and replace m;ni" by V—hm;,“i" and omit the superscript * from

0

SP7 Yyt o and 1, are the same as in case L.

We assume the replica symmetry and K in Eq.(80) is expressed as

K K - K
. 1-p —-Bq —Ba —paq
K2 Kl .
K=\ , Ky = , Ky = . (83)
. * . K2
—Bq 1-p —Bag —Ba
K, - K K

K, and K, can be diagonalized by an orthogonal matrix U;. We define the eigenvalues of K;
and K> as Ay, -+, 4,. A},---, 4, respectively.
A 0 A 0
Ay = =U[K\U\, Ay = = Ui KU (84)
0 An 0 A
Let us define the matrix U which diagonal blocks are U; and off diagonal blocks are zero.

Thus we obtain

Al A o A
A A :
A= |2 = UTKU. (85)
. *. A2
A o A A
detA = —[(ﬂp — )P (p — DA+ A,). (86)
p=1
A, and /l; (o =1,---,n) are expressed as follows.
A= 1-B+Bg—nBg, b=--- =4, =1 -B+pq,
Ay =-Pall —qg+nq), ), ==, =—-Pa(l - g).
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Thus we obtain
) Bg(l —a)
log(detK) = n|(p—-1)<{log(1l-pA(1-¢)1-a)) - - 80— -a)
Bg(l + (p — Da)
1 -1 -g)(1+(p-1a)

Therefore, the replica symmetric free energy frs is obtained as

V12 m1x2
fis =3 B B g

VISP

+log(1 -B(1-g)1+(p-Da)) -

] . (87)

M Bq(l — a)
+ BN [(p - 1){10g(1 -p(1l -1 -a)) - =30 -1 _a)}

1 -1
+log(1-B(1-¢)(1 + (p - 1a)) — Bq(l + (p — 1a) ]

—ész(log {2cosh

8. Appendix D. Derivation of the AT stability in case II

I -p(1-q¢1+(p-Da)

IB(@Z + Z nvlmvl _ mlxmmlx]]}>{nl,-~-,n1’}- (88)

vVisSp

Here, we derive the AT stability in case II. We calculate the following A, for K in
eq. (80).

4 M 9 (1 @
©D00 ™ 2BN dgys \ det K 0,

The matrices K| and K are defined

det K) . (89)

K; :(K;)a(r = _ﬁ6a s fora = .- ,n, (K;)aﬁ = (Kl)aﬂ fora,,B: L--- ,l’l,(ﬁ?ﬁ 0-),
K} i (K))ao = —Bade,, fora=1,---,n, (K} = (K)opfore,f=1,---,n, #0),

where p and o are fixed indices with p < o

Kl K2 K2
detKk = 0 K K
o o | : K
K, K, K,
K K - K|l [0 K - K 0 K - K
0 K, ok K 5 0 K,
= 2pq| . +] +eo 4|
K2 . K2 . K2
0 K, - K| |0 K - K K, Ky - K
= zp{_ﬁk(rp _ﬁak(r(nﬂ)) - _IBaKO'((p—l)er)}- (90)
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where K, is a cofactor of the respective (o, p) components. Thus we obtain

_ pM 0 | - - .
Apryys)y = — N 9q, {detK (Ko’p +aKopip) + 0 + aKg((p_Uner))}
0 _ _ _
= o - {(K e + a((K Vappr + -+ + K Nmtsprr)} - OD)
Yo

We calculate d(K “)xy /0¢q,s as in case 1. Let us introduce the variables x,y, @, and § which
take values from one to np as distinguished from p, . We define the label of the block which

a and B belong to as [ and ', respectively. Then we obtain

0K g it
N —B ) (Oatni+y)0pmi+s) + Oawmi+6)0pni+y)) — Ba Z(5a(nl+y)5ﬁ(nz'+5) + Oani+6) OBl +v))-
qys =0 Tl
92)
Therefore,
AK™) S . . .
a—xy = ﬁ {(K 1)x(nl+)/) (K 1)(nl+5)y + (K 1)x(nl+5)(1( 1)(nl+y)y}
qys 1=0

+Ba Z { (K™ stntiny K Durssyy + K™D sutrsy (K™ +y)y} . (93)

£24

Let us define K~! as

L, L, - L,
L L :

k= i (94)
. * 2)
L2 L2 Ll

Thus, A0 y6) 1S expressed as
Aporye) = = {(1 +(p— Dad?) (Lffy L+ 1 LTU)
+a(p = D@+ (p = 20a) (L7137 + LPLY + LILY + 1L
+ (p= D +2(p = a+(p* =3p +3)a’) (LTLY + LLY)}.

Let us derive the concrete formula of L; and L,. From the relation KK~' = E, we obtain

K\Li + K7Ly + (p = 2)Ka Ly = Ey, 95)

KiL, + KoLy + (p — 2)K> Ly = 0. (96)
Then, we obtain

Ly = Ly+Ly, 97)

L, = -L;K)L4, 98)
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Ls (K1 +(p— DK>) ™, (99)

Ly = (Ki-K)™. (100)

By taking the limit of n — 0, the diagonal component /; and the off diagonal component /; of

L; are expressed as follows.
Iy =L +1,
h=h+l,
b = —Pal~lily + (1 = 29)l5 Iy + q(l3ls + L1},

L = —al—(1 = 2q)(lls + Bly) + (2 = 39)l L — qlla},
1-B(1-2g)(1 +(p— Da)
{1-801-g)1+(p-Da)y*

Bq(l + (pa — 1)a)
{1-B(1-g)1+(p-Da)’
1 -1 -2g)(1 - a)
{1-80-q)1-a)}’
= Bq(1 - a) |

{1-B0-g)1-a)}

3:

(101)

3:

4 =
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