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We study the Hamiltonian that is not at first hermitian. Requirement that a measurement shall
not change one Hamiltonian eigenstate into another one with a different eigenvalue imposes that
an inner product must be defined so as to make the Hamiltonian normal with regard to it. After
a long time development with the non-hermitian Hamiltonian, only a subspace of possible states
will effectively survive. On this subspace the effect of the anti-hermitian part of the Hamiltonian is
suppressed, and the Hamiltonian becomes hermitian. Thus hermiticity emerges automatically, and
we have no reason to maintain that at the fundamental level the Hamiltonian should be hermitian.
We also point out a possible misestimation of a past state by extrapolating back in time with the
hermitian Hamiltonian. It is a seeming past state, not a true one.
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Introduction In quantum theory the action S is real
and thought to be more fundamental than the integrand
exp(iS) of the Feynman Path Integral. But if we as-
sume that the integrand is more fundamental than the
action in quantum theory, then it is naturally thought
that since the integrand is complex, the action also could
be complex. Based on this assumption and other related
works in some general relativity inspired backward causa-
tion developments [1] and the non-locality explanation of
fine-tuning problems [2], the complex action theory has
been studied intensively by one of the authors(H.B.N)
and Ninomiya|3]. Indeed, many interesting suggestions
have been made for Higgs mass[4], quantum mechanical
philosophy([5], some fine-tuning problems|6, 7] and black
holes[8]. In refs.[3-8] they studied a future-included ver-
sion, that is to say, the theory including not only a past
time but also a future time as an integration interval of
time. In contrast to the above references, in this letter
we consider a future-not-included version.

We shall study a system defined by the non-hermitian
Hamiltonian H, which is correlated to the complex ac-
tion, and look at the time-development of some state.
However, as we know, the time development operator de-
fined in terms of the non-hermitian Hamiltonian is non-
unitary, and thus the probability conservation is not held.
Furthermore, since the eigenstates of the Hamiltonian are
not, orthogonal, a transition that should not be possible
could be measured. From these properties it does not
look a physically reasonable theory. But, contrary to our
naive expectation, we shall find that it could be a physi-
cally reasonable theory via two procedures.

The first procedure is to define a physically reasonable
inner product Ig such that the eigenstates of the Hamil-
tonian get orthogonal with regard to it, and thus it gives
us a true probability for a transition from some state to
another. As we shall see later, /g makes the Hamiltonian
normal with regard to it. In other words Ig has to be
defined for consistency so that the Hamiltonian -even if
it cannot be made hermitian - at least be normal. We

explain how a reasonable physical assumption about the
probabilities leads to the proper inner product Ig, and
define a hermiticity with regard to Ig, Q-hermiticity.

The second procedure is to use a mechanism of sup-
pressing the effect of the anti-hermitian part of the
Hamiltonian H after a long time development. This is
speculated in ref.|9]. In this letter we shall explicitly show
the mechanism with the help of the proper inner product
Ig. For the states with high imaginary part of eigen-
values of H, the factor exp (—% H (t — to)) will exponen-
tially grow with ¢ and faster the higher the eigenvalues
are. After a long time the states with the highest imagi-
nary part of eigenvalues of H get more favored to result
than others. That is to say, the effect of the imaginary
part, which shall be shown to correspond to the anti-
Q-hermitian part of H, gets attenuated. Utilizing this
effect to normalize the state, we can effectively obtain a
@-hermitian Hamiltonian.

Physical significance of an inner product The
Born rule of quantum mechanics is well-known in the
form: When a quantum mechanical system prepared
in a state |i) at time ¢; time-develops into |i(ty)) =
e” "=t |5) at time ¢y, we will measure it in a state
|f) with the probability Pf from « = |(f|i(tf))|?. We note
that the probability depends on how we define an in-
ner product of the Hilbert space. A usual inner prod-
uct is defined as a sesquilinear form. We denote it as
1), i) = (FliCtp)- It is [I(F), [i(tr)I? that we
measure by seeing how often we get | f) from [i(t/)). Mea-
suring the transition of superposition like ¢;|a) 4 co|b) re-
peatedly, we can extract the whole form of I(|f), |i(ty)))
of any two states by using the sesquilinearity.

To consider an inner product in our theory with the
non-hermitian Hamiltonian H, we first diagonalize H by
using a non-unitary operator P as H = PDP~'. We
introduce an orthonormal basis |e;)(i = 1,...) satisfying
(eilejy = 0i; by Dle;) = Aile;), where A\i(i = 1,...) are
generally complex. We also introduce the eigenstates |A;)
of H by |\;) = Ple;), which obeys H|A;) = A\;|A;). We
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note that |\;) are not orthogonal to each other in a usual
inner product I, (\;|A;) # d;;.

Since we are prepared, let us apply the usual inner
product I to our theory with the non-hermitian Hamil-
tonian H, and consider a transition from an eigenstate
|Ai) to another |A;) (i # j) fast in time A¢. Then, though
H cannot bring the system from one eigenstate |\;) to
another one |\;) (i # j), the transition can be measured,
that is to say, [I(|)\;),exp (—£HAt) |\:))|* # 0, since
the two eigenstates are not orthogonal to each other. We
believe that such a transition should be prohibited in a
reasonable theory, based on the philosophy that a mea-
surement - even performed in a short time - is fundamen-
tally a physical development in time. Thus we think that
the eigenstates have to be orthogonal to each other.

Since we are physically entitled to require that a
truly functioning measurement procedure must necessar-
ily have reasonable probabilistic results, we attempt to
construct a proper inner product Ig(|f), ) = (flo @)
with the property that the eigenstates |A;) and |A;) get
orthogonal to each other,

1o(1Xi), 125)) = ;- (1)

We believe that the true probability is given by such a
proper inner product Ig, based on which the Hamilto-
nian is conserved even if it is not hermitian and typically
has complex eigenvalues. This condition applies to not
only the eigenstates of the Hamiltonian but also those of
any other conserved quantities. The transition from an
eigenstate of such a conserved quantity to another eigen-
state with a different eigenvalue should be prohibited in
a reasonable theory.

A proper inner product and hermitian conju-
gate Let us define a proper inner product /g of some
states |11) and |i¢2) by

Io([th2), [1h1) = (YalQir) = (¥2|Q¢1), (2)

where @ is some operator chosen appropriately. @ has
to correspond to a unit operator if the non-hermitian
Hamiltonian is shifted to a hermitian one. In the usual
real action theory the usual inner product I is defined to

satisty (1 (Dlw(t)) = (a(D)1(t))*. Hence we impose
a similar relation on Ig as

(Y1) Qua(t)) = (P2(t) (1) 3)

Then we obtain a condition Qf = @, namely, @ has to
be hermitian.

Via the inner product Ig, we define the corresponding
hermitian conjugate f for some operator A by

(W2]qAlw1)* = (Pr1|gATe|ihs). (4)

Since the left-hand side can be expressed as

(holQAlth1)* = (1| ATQT|1hy), an explicit form of
the @-hermitian conjugate of A is given by

Ate = Q7 1ATQ. (5)

T¢ is introduced for operators, but we can formally define
7o for kets and bras, too. We define 7, for kets and
bras as |11)fe = (] and (<1/12|Q)TQ = |¢)2). Then we
can manipulate 7, like a usual hermitian conjugate 7.
When A satisfies Afe = A, we call A Q-hermitian. This
is the definition of the @Q-hermiticity with regard to the
inner product Ig. Since this relation can be expressed as
QA = (QA)T, when A is Q-hermitian, QA is hermitian,
and vice versa.

If some operator A can be diagonalized as A =
PsD APgl, then Q-hermitian conjugate of A is expressed
as Afe = Q Y(P))"'DLPlQ. 1f we choose Q as
Q = (Pj‘)’ngl, which satisfies QT = @, we have
Ate = p,DY Pyt
nents of D 4 are real, namely, DL = D4, then A is shown
to be @-hermitian. In the following we define @ by

Therefore, if the diagonal compo-

Q=(PH P! (6)

with the diagonalizing matrix P of the non-hermitian
Hamiltonian H. Thus the inner product Ig we shall use
from now on depends on H via Q.

The Hamiltonian is @-normal. To prove that the
non-hermitian Hamiltonian H is @-normal, i.e. normal
with regard to the inner product Ig, we first define

(Mlq
«PTQ R </\2|Q (7)

by using the diagonalizing operator P of H, which has
a structure as P = (JA1),]A2),...), where |)\;) are eigen-
states of H. We note that “Pfe” is defined by using
the Q-hermitian conjugate of kets, so “Pfe” £ Q~-1PT(Q.
Then we see that “Pfe” P = 1, namely, “Pfe” = p—1,
Hence we can say that P is Q-unitary.

Next we consider the relation “Pie” HP = D. The
(4, 7)-component of this relation in |\;) basis is writ-
ten as (\j|oH|A;) = \id;;. Taking the complex conju-
gate, we obtain (\;|gHT@|\;) = \id;;, that is to say,
(\iloHT2|\;) = A\fd;;. This is written in the operator
form as “P'e” HTe P = D, Therefore we obtain

[H,H'e] = P[D, D'|P~! = 0. (8)

Thus we see that H is Q-normal. In other words we can
say that the inner product Ig is defined so that H is
normal with regard to it.

Furthermore for later convenience we decompose H as
H = Hop + Hga, where Ho, = 2 and He, =

T e . e
i *f 2 are Q-hermitian and anti-Q-hermitian parts of

H respectively. If we decompose D as D = Dgi +iDj,
where the diagonal components of Dr and Dy are the
real and imaginary parts of the diagonal components of
D respectively, Hqgy, and Hg, can be expressed as Hgp =
PDgpP~'and Hg, =iPD;P~L.




Normalization of |)) and expectation value We
consider some state |¢(t)), which obeys the Schrodinger
equation ih< |1/)( )) = Hl(t)). Normalizing it as

[V(t)) N \/WW;( )), we define the expectation

value of some operator O by

Oq(t) = v(1)|OW({)N
= N{¥(to)lQOqu(t —to)[¢¥(to))n,  (9)

where we have introduced the time-dependent op-
erator in the Heisenberg picture, Ogqu(t — to) =

igt _ i . . .
ernH'?(t=t0) De—7H(t=t0)  Since the normalization fac-

tor depends on time ¢, [1)(t))ny does not obeys the

Schrédinger equation, but

()
= H(O)x — 3 {0(0)lo Haa 00 0(0) x (10)

In addition Ogg does not obey the Heisenberg equation,
but

d i

0 —

at " T

1

= 7 ([Oqn, Hon] +{Oqn, Haa}) - (11)

(HTQOQH OQHH)

In both of the equations we find the effect of Hg,, the
anti-Q-hermitian part of the Hamiltonian H, though it
seems to disappear in the classical limit. But with the
second procedure we explain next, we shall find that in
both of the equations the effect of Hg, disappears.

The mechanism for suppressing the anti-Q-
hermitian part of the Hamiltonian To show the
mechanism for suppressing the effect of Hg,, we shall
see the time development of |1)(t)) explicitly. We intro-
duce [¢/(t)) by |¢'(t)) = P7y(t)), and expand it as
[/ (t)) =3, ai(t)|e;). Then [¢)(t)) can be written in an
expanded form as [(t)) = >, a;(t)|A;). Since [¢/(t))
obeys ih<L|y/(t)) = D[/ (t)), the time development of
|t)(¢)) from some time t is calculated as

(t)) = Pe~#PU=0)|y! (1))
_ Zai(to)e%(Im)\ifiRcAi)(tftg)|)\i>' (12)

3

ImM\; corresponds to the anti-@Q-hermitian part of the
Hamiltonian since Hgq = iPD;P~'. As for the anti-Q-
hermitian part Hg,, we can crudely imagine that some of
Im)\; take the maximum value B. We denote the corre-
sponding subset of {i} as A. Then we can Taylor-expand
Hg, around its maximum and get a good approximation
to the practical outcome of the model. In the Taylor-
expansion we do not have the linear term because we
expand it near the maximum, so we get only non-trivial
terms of second order. In this way Hg, gets a constant
in the first approximation, and thus it is not so impor-
tant observationally. Therefore, if a long time has passed,

namely for large t — g, the states with Im\;|;c4 survive
and contribute most in the sum.

To show how |i(t)) is effectively described for large
t — tg, we introduce a diagonalized Hamiltonian Dp as

I N\ <61‘|DR|6J'> :51JR€/\Z for i€ A,
(1Drlesh = { ; S W)
and define Hog by Heg = PDRrP 1. He.g is Q-hermitian,
ij? = H.g, and satisfies Heg|\;) = Re);|A;). Further-
more, we introduce [¢(t)) = D, 4 ai(t)|Ni). Then [4(t))
is approximately estimated as

|w(t)> ~ e%B(t—to)Zai(to)e—%ReM(t—to)|)\i>

i€A
— e%B(t*to)e*%Heﬁ(t*to) |1E(t0)>
= [(t)). (14)

The factor enB(¢=%0) included in |4(t)) can be dropped
out by normalization. Thus we have effectively obtained
a @-hermitian Hamiltonian H.g after a long time de-
velopment though our theory is described by the non-
hermitian Hamiltonian H at first. Indeed the normal-

ized state |¢(t))y ~ mmm = |4h(t))n time-

develops as [1h(t))n = e~ 7l (t=t0)|4)(t5)) 5. We see that
the time dependence of the normalization factor has dis-
appeared due to the Q-hermiticity of Hog. Thus |1/~)(t)> N

the normalized state by using the inner product Ig, obeys
the Schrédinger equation

zh%hﬁ(t)ﬁv Heg|th(t))n - (15)

On the other hand, the expectation value is given
by Oq(t) ~ ~(W(®)|QOI(t)n = n{¥(to)lQOqu(t —
t0)|w(to)> ~, where we have defined a time-dependent op-
erator Ogg in the Heisenberg picture by OQ w(t—to) =
et Herr(t=to) 9= Herr(t=t0)  We see that Ogp obeys the
Heisenberg equation

—to) = LHop, Gon(t —to).  (16)

=

As we have seen above, the non-hermitian Hamilto-
nian A has become a hermitian one H,yry automatically
with the proper inner product Ig and the mechanism
of suppressing the anti-hermitian part of H after a long
time development. If H is written in a local form like
H = ﬁp2 + V(q), does the locality remain even after
H becomes hermitian? It is not clear, but for the mo-
ment let us assume that the hermitian Hamiltonian He ¢
has a local expression like Heg ~ #e“pgﬁ. + Vet (qest),
and see probability conservation. Besides a usual gef-
representation of the state [¥(¢)) N, ¥(gett) = {qest|V(t)) N
we introduce ¥q (gefr) = (gest| ¥ (t)) v, and define a prob-
ability density by

d =~
EOQH(t

pett = V0 (qott) "V (gert) = N (P ()] 00est) (et (1)) v (17)



Then, since we have ih%iﬁ(q‘eﬂ) = Heff'&(q‘eﬂ') and
ih%l/;g(%ff) = H:ffiEQ(qeﬂ), we obtain a continuity

equation Q% + &i“jcﬁ(qcﬁ, t) = 0, where jom(ges,t) is

a probability current density defined by jem(ges,t) =
Q;ZH (&iffiﬁaz/; — 1/322 %d}). Thus we see that if Heg
has a local expression, we have the probability conserva-
tion % fpcﬁdqcﬁ- =0.

Discussion In this letter we have studied a system
described by the non-hermitian Hamiltonian H. For a
measurement to be physically reasonable, we have in-
troduced the proper inner product Ig so that H gets
normal with regard to it, and defined @Q-hermiticity, i.e.
hermiticity with regard to Ig. Next we have explicitly
presented the mechanism for suppressing the effect of the
anti-Q-hermitian part of H after the long time develop-
ment, and thus effectively obtained the hermitian Hamil-
tonian H.g. This result suggests that we have no reason
to maintain that at the fundamental level the Hamilto-
nian should be hermitian. Furthermore we have seen that
if Heg is written in a local form, we obtain the continuity
equation leading to probability conservation.

Finally let us discuss an estimation of a state at an
early time ¢1. It is expressed as

true (1)) = e~ FHE10) |4 (10)) . (18)

But if a historian who lives at a late time ¢ was asked
about the state at ¢;, he would extrapolate back in
time from his own time ¢ by using the phenomenological

Hamiltonian H.g = Hilff rather than the fundamental
one H, because at the late time he would only know the
hermitian Hamiltonian. Thus he would specify an early
state at time t; as

|1/)histom'an(t1)>N - ei%Heff(tlit)ei%H(tito)|¢(t0)>N'

(19)
This is a false picture and different from the true state
([IR) because Hq # H. Actually, the seeming past state
[¥nistorian(t1))n Wwill be mainly a superposition of the
eigenstates correlated to the subset A. Since the set of
the eigenstates correlated to the subset A is much smaller
than that of all the eigenstates of H, the seeming state
[¥historian (t1)) N would look like necessarily having come
from a special rather tiny part of the full Hilbert space
in the fundamental theory. In other words, it would look
to the historian that the universe necessarily had begun
in a state inside the rather tiny subspace of the funda-
mental Hilbert space with the highest imaginary part of
the eigenvalues of the Hamiltonian. That is to say, the
fundamentally true initial state |¢(to)) n tends to be hid-
den from the historian at the late time more and more

as the time t gets later and later. This story implies that
if our universe had begun with a non-hermitian Hamilto-
nian at first in some fundamental theory, then we could
misestimate the early state at the time ¢; by using the
hermitian Hamiltonian to extrapolate back in time.
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