EIGENVALUE ESTIMATES FOR SCHRODINGER
OPERATORS WITH COMPLEX POTENTIALS

ARI LAPTEV AND OLEG SAFRONOV

ABSTRACT. We discuss properties of eigenvalues of non-self-adjoint Schrédinger
operators with complex-valued potential V. Among our results are es-
timates of the sum of powers of imaginary parts of eigenvalues by the
LP-norm of V.

1. INTRODUCTION

Throughout the paper, f+ denotes either the positive or the negative part
of f, which is either a function or a self-adjoint operator. The symbols Rz
and Sz denote the real and the imaginary part of z. If a is a function on R%,
then a(iV) is the operator whose integral kernel is (27r)™¢ [ (=¥ q(¢)d¢.

Let H be a non-self-adjoint Schrédinger operator in L?(R?)
H=-A+V(x)

with a complex-valued potential V. We call A an eigenvalue of H if there
is a solution of the equation Hiy = A for some ¢ € L?. A given number
A € C may occur several times in this list according to the dimension of the
generalized eigenspace {1 : (H — \)*¢ = 0 for some k € N}, which is called
the algebraic multiplicity. In principle a generalized eigenspace could have
infinite dimension, but, as we shall see, this will not occur in the situations
considered in this paper. We deal with operators that have countably many
eigenvalues lying in a bounded subset of the cut plane C\ [0, 00). We denote
them by A;, j =1,2,3,... listing them by decreasing values of their modules
and repeated according to their algebraic multiplicities.

The main result of [8] tells us, that for any ¢ > 0, the eigenvalues \; of H
lying outside the sector {z: [3Jz| <t Rz} satisfy the estimate

S <c / V@), v 21,
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where the constant C' may depend on ¢, and d.

In this paper we study inequalities on the eigenvalues lying inside the
conical sector {z : |Jz| < tRz}, so they might be close to the positive half-
line. In particular, our results provide some information about the rate of
accumulation of eigenvalues to the positive real half-line Ry = [0, 00).

Theorem 1. Let RV > 0 be a bounded function. Assume that IV € LP(RY),
where p > d/2 if d > 2 and p > 1 if d = 1. Then the eigenvalues \; of the
operator H = —A +V satisfy the estimate

ROV P
Z(M)+ < C/Rd(%V)ﬁ(:n) dz. (L.1)

J
The constant C can be computed explicitly:

C = (2m) /Rd (deJfl)p. (1.2)

Note that the right hand side of (1.1) is independent of real part of the
potential V' and therefore the statement is true for arbitrary RV > 0. It is
not the case when we try to obtain an estimate of the sum >, (S\;/(|A; +
1|2 + 1))k where we allow p < d/2 and where a certain regularity of RV is
required.

Theorem 2. Let RV > 0 and SV be two bounded real valued functions.
Assume that SV € LP(R?), where p > d/4 if d > 4 and p > 1 if d < 3.
Then the eigenvalues A\ of the operator H = —A +V satisfy the estimate

%Aj p D XT)\P
ZJ:<!AJ+1I2+1)+ <C(1+[|V]]so)? /Rd(svu(m) dz, (1.3)
where
_ o y—d dg
C = (2n) /Rd (GEDE (1.4)

Next Theorems 3-4 give sufficient conditions on V' that guarantee conver-
gence of the sum

SN |7 < 00
D1y

a<RA;<b

for0<a<b<oo.
Let us introduce W = (|[V|? +43V) 4 and let

Uy(W) = [ WHV2rge 4270 [ Wrde, d> 2.
R4 Rd
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Theorem 3. Assume thaty > 3/2 andr € (y—3%,7) and letV € LA/2=1+2r (RN
L"(R%), d > 2. Then the eigenvalues Aj of the operator H lying inside the
semi-infinite strip I, = {z: 0 < Rz < b, Sz > 0} satisfy the inequality

2y

S SN[ < O (W) 51 (b + [Wy(W)[777). (1.5)
)\jGHb

The constant C' in this inequality depends on d,~ and r.
Applying the same method we also prove:

Theorem 4. Let \; be the eigenvalues of the operator H lying inside the

semi-infinite strip I, = {z: a < RNz < b, Sz > 0} with a > 0. Then for

any v > 3/2 and r € (v — 3,7) the condition V € L*"(R) N L"(R) implies
1

(b4 [@a(W)[>-T),

S SN < Ol (W) 5
)\jEHa’b

where
(I)a(W):a_l/2/W’"dx.
R

The constant in this inequality depends on v and r.

Note that in Theorems 3 and 4 the inequality v > 3/2 is required in any
dimension while in Theorems 1 and 2 the values of p could be smaller in
lower dimensions.

One should mention, that the paper [8] had been motivated by a question
of E.B. Davies (see [1] and [7]), where he obtains that if d = 1 and V € L'(R),
then all eigenvalues A of H which do not belong to R satisfy

<5 ([ Vs

The question was raised if a similar estimate holds in dimension d > 2. The
following conjecture seems to be reasonable

Conjecture. Let d > 2, 0 < v < d/2 and let V € L¥?t7(R?) be a
complex-valued potential. Then for any eigenvalue A ¢ R, of the operator

He - A+V
thc/\wmwﬁw% (1.6)
Rd

for every complex valued potential and every eigenvalue A ¢ R of the
operator H = —A+ V.

We carefully avoid the case v > d/2, since the operator H in this case
might have arbitrary large positive eigenvalues due to Wigner-Von Neumann
example [17] (we are grateful to S. Molchanov for drawing our attention to
this circumstance). So far, we are able to prove only the following result
related to this conjecture:
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Theorem 5. Let V' be a function from LP(RY), where p > d/2, if d > 3;
p>1,ifd=2, andp > 1, ifd = 1. Then every eigenvalue X\ of the operator
H = —A+V with the property R\ > 0 satisfies the estimate

|SA[PE §|AV”21CYJ/ V[Pdz. (1.7)
R4

The constant C' in this inequality depends only on d and p. Moreover, C =
1/2 forp=d=1.

The inequality (1.7) was established in [1] in the case d = p = 1. We
prove it in higher dimensions and in dimension d = 1 for p > 1.
We also show the elementary estimate (see Theorem 16)

S%W7§0/|VWHMQ y>0,d=3,
R3

however it is not quite the same as (1.6). While we are not able to prove
Conjecture 1.1, we find some information about the location of eigenvalues
of the operator —A+4V with a positive V' > 0, see Thorem 13. In particular,
in Theorem 15 we prove that if d = 3 and [ Vdz is small and \ ¢ R, is an
eigenvalue of —A-+iV, then |A| must be large. It might seem that eigenvalues
do not exist at all for small values of [ Vdx, however their presence in such
cases can be easily established using scaling.

Proposition 1. Let d > 3. Then there is a sequence of positive functions
Vo, > 0 such that the “largest modulus” eigenvalue A, ¢ Ry of the operator
—A + iV}, satisfies |A\p| — 00 as n — oo, while lim, .o [ Vi (x)dz = 0.

Proof. If X is an eigenvalue of —A + iV (z), then n?) is an eigenvalue of
—A+n?iV(nz). It remains to note that [n?V (nx)dz = Cn* <. The idea of
the proof of existence of a non-real eigenvalue of —A +iV (z) at least for one
V' > 0is to start with the one-dimensional case, when V' (z) = §(z)+d(x—e).
In this case, there is an eigenvalue of H that behaves like 1 +iae + O(€?) as
e — 0. If V is spherically symmetric, then the multi-dimensional case can
be reduced to the one-dimensional case by separation of variables. O

Remark. Note that our results also imply that the eigenvalues of —A 4V
can not accumulate to zero in d = 3, if V' > 0 is integrable (Corollary 5).
2. PRELIMINARIES

In what follows, the inner products and the norms in various spaces are
denoted by (-,-) and || - || respectively.

1. Let a[-, -] be a sesquilinear form in a Hilbert space $. We assume that
its domain d[a] is dense in $) and a is semibounded from below and closed
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on d[a]. The form a induces the selfadjoint operator A in §). Fix the value
of v € R, such that ay :==a+~v > 1, ie.

aylz,2] = alz,z] +Allzl|” = [l]|?, @ € dlal,
and denote by $)[a] the (complete) Hilbert space d[a] with the metric form
aylw 2] = (A +~D)"%2l)?, = € dlal.
Let V : § — $ be a selfadjoint linear operator, satisfying D(|V|*/?) D d[a]
and
G:= V"2 A+~ e 6, (2.1)

where &, denotes the space of compact operators in §). Put
.V 1/2
vl = (e IV172) (22)

Then the form v is compact on d[a]. This means that the form v is continuous
on $)[a] and the corresponding operator @ (determined by the relations
ay[Qx,y| = v[z,y] for z,y € d[a]) is compact on $[a]. Define the operator
H by setting

H+~I =(A+~I1)(I +1iQ), (2.3)

on the domain D(H) = (I +iQ) *D(A). It is clear that the operator H can
be interpreted as the sum

H=A+iV.

Proposition 2. The operator H defined in (2.3) is densely defined and
closed.

Proof. Let us first prove that H is densely defined. Assume the opposite,
that there is a non-zero vector h € d[a] such that a,[(1 +iQ) ' u, h] = 0 for
all vectors u € D(A). Then a,[u, (I —iQ)~'h] = 0 for all u € d[a], which
implies that (I —iQ)~'h = 0. The latter relation contradicts the assumption
that h # 0.

In order to prove that H is closed, it is sufficient to observe that H + ~I
is invertible and prove that the inverse is bounded. But this follows from
the relation

(H+~0) " = (I+iQ) (A +~D) ",
and the fact that (A +~I)~! maps continuously $ to $,[a]. O

Remark. The condition that the sesquilinear form v is generated by a
self-adjoint operator V' is excessive. We can always define H by (2.3), as
soon as we know that v[u,u] = a,[Qu,u], where @) is compact in the space
$+[a]. This remark allows one to consider the case when the elliptic operator
A = A? is perturbed by a differential operator of first order.
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Under the above assumptions, the difference between the resolvents of the
operators A and H is compact. Hence, the spectrum o(H) of the operator
H is discrete in C\ o(A).

2. Let H be as described above. In order to develop the perturbation
theory suitable for non-selfadjoint operators, we consider a contour C' which
contains a finite number of igenvalues A1, Ag, ..., Ay, of the operator H. Then
the projection onto the span of the corresponding root vectors is given by

the formula
1

P=_— [ (H-2)dz
211 C( Z) “
Lemma 1 (see, for example, [13]). If P and Py are two projections such
that rank P # rank Py, then
||P— Pyl > 1.

Consequently, if H,, is a family of closed operators in $) having the prop-
erty that o(H,,) \ R is discrete and satisfying the condition

(Hy —2) ' —(H—-2)"' -0,
as n — 0o, for some point z, then non-real eigenvalues of H, converge to

non-real eigenvalues of H and, possibly, to the real part of o(H).

3. We already know that A is semibounded from below. Suppose also
that the negative spectrum of A is discrete. Then the operator H has only
discrete set of eigenvalues in the left half-plane Ci.py = {2z : Rz < 0}.
Moreover, suppose that \; € Cj.y; are eigenvalues of the operator H, and
7; are negative eigenvalues of A enumerated in the order of increasing real
parts. Then

‘%zn:)\j‘ < Zn:hj!
1 1

for all n. Indeed, let P be the orthogonal projection onto the span of eigen-
vectors x; corresponding to A;j, 1 < j < n. Then

tI‘HP:Zn:)\j.
1

Consequently,

n

%Z )\j = Z(ij’ .%'j)
1

1
> mintr [((4+9)/2P) A4 +7)7 (A + )P, (24)
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where the minimum is taken over all orthogonal projections P of rank n
with the property RanP C d[a]. Thus,

RN =D (2.5)
1 1

since the minimum in the right hand side of (2.4) coincides with the sum in
the right hand side of (2.5).

Corollary 1. Let v > 0. Then

n

Z(%)\ +7)- Zq—i—’y
1

1

4. Let T be a bounded operator in a Hilbert space, whose spectrum outside
the unit circle {z : |z| > 1} is discrete. Suppose also that the essential
spectrum of the operator (T*T)'/? is contained in [0,1]. Let \; be the
eigenvalues of the operator 71" lying outside of the unit circle, and let s; > 1
be the eigenvalues of (T*T)'/2. If we enumerate the sequences |Aj] and s;
in the decreasing order, then

IS (2.6)
1 1

for all values of n. One should mention also that, if one of the sequences
ends at j = jo, we extend it by setting it equal to 1 for j > jo.

This inequality has been discovered for compact operators by H. Weyl
(see [18]). Weyl’s proof is carried over to the case of bounded. Indeed, let
P be the orthogonal projection onto the span of eigenvectors corresponding
to Aj, 1 <j < n. Then for any a > 0

det (I + P(aT*T — I)P) = o™ [ ] I~
1
Consequently,
a" [T IN? < det (I + P(aT*T — 1), P)
1

< det (I + (aT*T — I)}2P(aT*T — 1)}/?).

Since (aT™T — I)i_ﬂp(OzT*T - I)i/2) < (aI*T — I)4) we can remove the
orthogonal projection P in the right hand side and obtain

« H|)\|2<det(l—i—(aTT Iy Has
1 asj>1
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It remains to choose a = s, 2. Note that if the number of s; > 1 is finite,

we can take o = 1 to obtain that
n

[TneE< I s
1 s?>l
for all n.

Corollary 2. Let v > 1. Then

n

DNP -1 <Y (s -1)
1

1
for all n.

Proof. Our arguments are quite standard and probably can be compared
with the ones in the book by Birman and Solomyak [4], which contains a
survey on different inequalities for compact operators. It is sufficient to
consider the case v > 1, because the proof in the case v = 1 is obtained by
passing to the limit as v — 1.

As a consequence of (2.6), we obtain that

Zlog|/\j\ < Zlogsj. (2.7)
1 1

Moreover,
n

> (og Al — )4 <> (log s —n)+ (2.8)
j=1

j=1
for any —oo < 1 < oo. Note now that the function ¢(t) = (€2 — 1)7 is
representable in the form

6(\) = / A=), ¢"(t)dt and ¢"() >0 for t>0.
0
Since ¢(log |A|) = (JA|? — 1)7, the statement of Corollary 2 for v > 1 follows
from (2.8). O

5. Let T be a compact operator in a Hilbert space and let n(s,T") be the
counting function of its s-numbers (eigenvalues of v7T*T)

n(s,T) =card{j: s;>s}, s>0.

Then by Ky Fan inequality (see [10]) for any pair of compact operators T}
and 75 and s1,80 > 0

n(sy + s2, 71 + To) < n(s1,Th) + n(s2, Ta).
The class of operators T' for which

[T]P := sup sPn(s,T) < oo
>0
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is called the weak Neumann-Schatten class X,,.
Let F Fourier transform

Fi(©) = [ e @) da.

Theorem 6 ( M.Cwikel [5]). Let o and [ be the operators of multiplication
by the functions o (&) and B(x). Suppose that € LI(R?), ¢ > 2, and let

[a]f = sup tYmeas{¢ € (R |a(é)] >t} < oo.
>0

Then the operator T = BF*« as (well as the operator aF3) is in ¥, and
T]? < Clo /m |9 da. (2.9)

Proposition 3 (Birman-Schwinger principle [3], [14]). Let A and V be two
positive self-adjoint operators acting in the same Hilbert space. Suppose that
V' is bounded and the operator \/V(A—f—])_l/2 is compact. Then for £ > 0,
the number N(FE) of eigenvalues of the operator A —V lying to the left of
—F satisfies the relation

N(E) =n(1,VV(A+ E)"'WV).

In applications, A is a differential operator with constant coefficients and
V is the operator of multiplication by a function. Then applying Theorem 6
to the operator T' = vV (A+1)~"/2 one obtains sharp inequalities for N(E).

6. In order to state the next result we need to introduce one more Neumann-
Schatten class &, of compact operators. Namely, we say that T' € &, p > 1,
if

|T||b = tr (T*T)P/? = Zs < 0.
It is easy to see that &, is a Banach space.

The next theorem gives us a sufficient condition guaranteeing that an
operator of the form f(z)a(iV) belongs to the class &,,.

Theorem 7. Let a and [ be the operators of multiplication by «(&) and
B(x). Suppose that o, 3 € LP(R?), where p > 2. Then T = fF*a € &, and

1T < (2m) / a(©)P de / B@)P de. (2.10)

This theorem can be found in [15]. See also [11] and [16].

7. We now formulate a statement about eigenvalue estimates for a certain
operator with constant coefficients perturbed by a potential V. It is one of
the consequences of the inequality (2.9).
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Proposition 4. Let (&) = (|¢]? — )2, V(z) > 0 and p > 1/2. Suppose
that V € LPY/A(RY) N LPH/2(RY) if d > 2, or V € LPTVY2(R) if d = 1. Let
N(E) be the number of eigenvalues of the operator a(iV) — V(x) lying to
the left of the point —FE, where E > 0. Then

N(E) < C(/ VP Ay 4 ud/z‘l/
Rd

p+1/2 : > 9.
<= v dw), it d>2 (2.11)

N(E) < C/ VPR 24p i d=1. (2.12)
Epul/Q Rd
Proof. It is an elementary application of the Cwikel estimate. Indeed,
according to the Birman-Schwinger principle

N(E) =n(1,X),
where X is the compact operator defined by the equality
X =VV(a(iV) + E)"WV.

Let x be the characteristic function of the ball {|¢| € R?: |£]2 < u}. Let us
split X such that X = X; + X5, where

X1 = VV(a(iV) + E) X (iV)VV.
According to the Ky Fan inequality,
n(l,X) <n(1,2X;) +n(1,2X>). (2.13)

Therefore it is sufficient to estimate each term in the right hand side of
(2.13) separately. We begin with the first term. Set ¢; = p + d/4. Then
according to (2.9)

1 ds
022 [vrin | e

oo Sd/2_1d8 00 od/2-1 g
< q1 < q1
<afva [ e tmtmmsa [ [ o

E / yrtd/d gy,
Rd

= Ep
In order to estimate the second term in (2.13) we set g2 = p + 1/2. Using
(2.9) again we find

2 d<
n(1,2%) <5 [ v d/|§ (G

I Sd/2—1ds 00 “d/Z—ldS
< q2 < q2 —
_04/V dx/o ((S_M)2+E)q2_05/v dm/oo(32+E)QQ

:C“d/H/ Vve+l/2 g
Ep Rd ’
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which completes the proof of (2.11).

In order to proof (2.12) we note that (|£|*—pu)? = (|¢]— /p)*(|¢]+vR)?* >
(1€l — \/ﬁ)Qu. Consequently, for any g > 1,

/Oo dg </°O d€ _ C
o (E=p)P+E) = Joo (€] = vm)Pu+ B} uEet/2

where
C =
/ 32

If now ¢ = p+ 1/2, then by using (2.9) we arrive at
C[Vide C[VvPHi/2dy
N VREP

which means that (2.12) is also proven. [

N(E) <

3. PROOF OF THEOREM 1

The main tool of the proof is the linear fractional mapping that takes
the upper half-plane {z : Sz > 0} into the compliment of the unit disk
{z: |z| > 1} given by the formula

z4+1+1
z—i+1

Insert the operator H = —A +V instead of z into this formula, i.e. consider

VA

the operator
U=(H+T+))(H+IT—i) ' =T+2H+T—i)"

Obviously z ¢ R is an eigenvalue of the operator H if and only if (2 + i +
1)/(z —i+ 1) is an eigenvalue of U. Clearly

U*=1—-2(H*"+1+4)!
and therefore
U'U =T+2i(H+T—i) ' = 20(H* +T+i) "+ 4(H* +T+i) Y (H+T—4)!
Using the Hilbert identity, we obtain
UU =1+ 2(H +T+4) Y (H —H)(H+1—q)"!
and since H* — H = —iV
UU=T+4H +T+i) ' QVH+T i) !
In particular, this implies

U*U — I < 4Y*Y,
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where Y = /SV, (H + I —4)~!. By using Corollary 2 the eigenvalues Aj
of the operator H satisfy the inequality

Aj 1402 P * P * — 2p
}:Q&+1_J<—Q+§UQJU—D+§Muame_meM

It follows from this inequality that
%)\] p 2
—2 ) <||Y|2 3.1
;(WHPH)_H 13 (3.1
Indeed, denote a = 23\;/(]A; + 1|2 + 1) and suppose that )\; > 0. Then
&+1+if 1_(1+a
Aj+1—i B

)—12%.
1—a

We come to the conclusion that one needs to estimate the norm of the
operator

Y =SV (H+T—i)™!
in the class Gop. Let us represent this operator in the form

Y =/SVi(~A+1)"?2B,  where B=(-A+D?(H+1-i)"".

We will show that the operator B is bounded and its norm does not exceed
1. In other words, we will show that

(= +DVAH + 1 =)~ fIP < [I£I (3.2)

for all f € L2
Denote u = (H + I — i)~ f. It is obvious that

/ (|Vu]2 +(1+ ?RV(:U))|u\2) de = %/ fudz.
R4 Rd

Due to the condition RV > 0, we obtain from this relation that

1
[ 0vul + o< 5 [ P+ fuP) da
Rd Rd

The latter inequality can be written in the form

/(2\Vu|2+]u\2)d$§/ 1[2 da.
R4 R4

Replacing 2 by a smaller number we will make the inequality weaker. As a
result we obtain the estimate

(=4 + 1)l < |I£1P. (3-3)

It remains to note that (3.3) is equivalent to (3.2).
Let us summarize the results. Since

Y = QVi(H+T-i)' = /QVi(-A+I)"V2B and ||B|| =1,
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we obtain
1Y [l2p < |[V/SVa(=A + 1) 72|y, (3.4)

On the other side, according to Theorem 7,

VSV (=A+ )72 [50 < (2m)~ dC’O/%Vﬁdx,
where Co = [pa(§2 4+ 1)77 d¢. Combining (3.4) with (3.1), we complete the
proof of Theorem 1.

4. PROOF OF THEOREM 2

The main arguments in the proof of this result remain the same apart
from the estimate of the norm [|Y'||2, of the operator Y. Recall that

Z(M:ﬁ) <[|Y]32, (4.1)

where Y = /SV (H+1 —i)~!
In order to find a bound for the s-numbers of the operator Y we represent
it in the form

Y =SV (-A+T—i) YT -V(H+IT-i)h).
In the previous Section we have found that
(H+I—-i)'=(=A+D)"Y2B  and ||B||<1.
Consequently,
I(H+1 -7 <1,
and this means that
1Y ]l2p < VSV (=A + 1 =) lzp(1+ [[V]|o0).

By using Theorem 7 we obtain that for any p > d/4

VSV (A + 1= < 2m) o [ 9Vide,

where
dg
Co = .
’ / (E@+1)2+1)p
Consequently,
V][5 < (2m) (1 + HVloo)QpCO/gVﬁd% (4.2)

Consequently (4.1) and (4.2) imply (1.3).
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5. PROOF OF THEOREM 3 AND SOME RELATED RESULTS

Proof of Theorem 3. Assume that \; € II, are enumerated in the order
of decreasing imaginary parts. Note, that the theorem would be proven, if
instead of the infinite sum in the left hand side of (1.5), we estimated a
partial sum

m
STISAD S CIW)[F b+ [W(W)[7T), ey (5.)

j=1
On the other hand, it is sufficient to prove the estimate (5.1) for the case
when

V e C(RY).

Indeed, if V ¢ C§°(RY) , then we can always find a sequence V;, of C§°-
functions that converges to V in L%?~142"(R%) 0 L"(R?). Obviously the
corresponding sequence of quantities W,(W,,) (here W,, = |V,,|> +4SV,,) will
converge to Wy(W). Moreover, the non-real eigenvalues \; of H will be the
limits of the sequences of non-real eigenvalues \j(n) of H, = —A+V,,, which
implies that >0 [N = limy—o0 D070 [SAj(n)]7.

Essential role in the proof plays Corollary 1 as well as a trick relating
the eigenvalues of the operator H = —A 4+ V and the eigenvalues of the
operator (—A +2i — pu+ V)2, > 0, lying to the left of Rz = —4. Indeed,
let A\; be eigenvalues of the operator —A+V lying in the hyperbolic domain
D,={z: (Sz+2)2— Rz —p)? >4, Sz >0}, then (\; — p+ 2i)? are
eigenvalues of the operator (—A — 4 2i + V)2, and it is easy to see, that

RO —p+20)7 = RN —p)? — (SN +2)2 < —4, VN €D,
Consequently, due to Corollary 1,

Z‘%(Aj — i+ 2i)?2 +4‘ < ‘Z 5;
1 1

where s; are eigenvalues of the operator

Ti= (~A = +Vi(=A = p) + (~A = Vi + 17—V} — 4V

; (5:2)

where V1 = RV and V5 = SV are the real and the imaginary parts of the
potential. The inequality (5.2) takes care of all eigenvalues from the domain
D). It turns out that we do not need all of them, but only the eigenvalues
\j lying inside the domain Q, = {z: (Sz+1)2— (Rz —p)?2 > 1, Sz >0}
Note that the boundaries of both domains D,, and €2, touch the real line at
the point z = p. Note also that €2, C D, and therefore this might imply
that bounds on eigenvalues lying in €2, are better than those in D,,.

It turns out that the imaginary parts of eigenvalues in ), can be estimated
in terms of real parts of eigenvalues of the operator (H — pu + 2i)2 +4. A
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similar trick was used by Davies in [6] to obtain individual inequalities for
the eigenvalues of the operatorH.

Let us study the relation between the spectra of the operators H and
(H — p+ 2i)? in more detail. Assume that \; € Q, and $A; > s. Then

2(SNj — 8) < (SN + 12— (RN — )2 — 1+ 2(3\; — 8)
=(QN+22 RN —p)? —4—25=—R(\; — pu+2i)* —4—2s.
Due to Corollary 1 it means that
2 Z (SN —s5)4 < tr(%(H —u+ 202 4+ 25) < tr(Tl + 23) .
A €9,

Now, we represent the operator 77 in the form

=S A -+ (s

T

2
(A=) +V2Vi) — 4V - V- VZ.

Since the operator

(é(—A —w) V) 20

is positive, we obtain that the spectrum of the operator T} can be estimated
by the spectrum of the operator

1
Ty = S(-A—p) = [V - 4%
Thus,
23" (SN —s)s < tr(T2 +25) . (5.3)
)\jGQ“ B

Let 7; be negative eigenvalues of 75. In order to estimate the right hand
side of (5.3) we apply Proposition 4 according to which the number N(FE)
of eigenvalues of T5 lying to the left of the point —F satisfies the inequality

N(E) < Q( W/ APy 4 421 W1/2+Pda;) (5.4)
Ep R4 Rd

with p > 1/2 and d > 2. If now ¢ > p > 1/2 then
Sinlt=q [ EUINEE
- 0
j

< C( / WPy 4 4271 / W1/2+pdx)])\1]q’p.
B Rd R4
From (5.4) it follows that the lowest eigenvalue 71 satisfies the inequality

mlr 2 < o / W2 gy | 421 / Wrde) = OO, (7).
Rd Re
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Hence for ¢ > p > 1/2 and r > 1 we arrive at

W1/2+pdm> |, (W)|2a-P)/@r=1)

D oIl < C(/ WPy 4 A2
j R4 R4

Recall that
2 Z \s)\ —35) Z Tj + 2s)_
/\jEQu J

and therefore

> @y —se <0 [ -2

d
/\J‘EQ# R

2(1—p)

+Md/2_1/Rd(W _ 23)1/2+pdx>’\p#(w)‘ w1 = F(s,1) (5.5)

with 1/2 <p<1and r > 1.

Let now II, be the strip {z : 0 < Rz < b,3z > 0}. Since the boundary
of €1, touches the real line in the parabolically, it is obvious, that for small
values of s < g, the set of all points z € II, whose &z > s > 0 can be
covered by not more than m(b) = [Cb/+/s] +1 sets of the form §,,. Since €,
contains the sector Iz > |Rz — ul, we obtain that the number of domains
Q,, covering the strip II;, can be also estimated by [b/s] + 1 for any s > 0. If
s > ¢go then 1/y/s > /g0/s and therefore without loss of generality one can
assume that

m(b) = [Cb//s] + 1, Vs > 0.

Since I\; < C|T,(W)|7-1 for any A; € II;, we obtain

m(®) T
DTN =<YD SN -9 < Ot (W)l )F(s,b).
)\]'an =1 )\jGQM \/g

Obviously

Z 1SN [T =(y — 1) Z/ (SNj — 5) 487 2ds,

)\j elly )\ ell,

which leads to

S el < (b+\\I/b(W)\2rll)C/ S5/2 (s b)ds
)\jEHb 0
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The integral in the right hand side converges only if v > 3/2 and by using
the notation inyroduced in (5.5) we finally obtain

SIS < Ol (W) 7T (b + [0y (W) 71
/\jEHb

X (/ |W|d/4_1/2+7_5d:v++bd/2_1/ ]W\7_5d3:>,
Rd R4

where 0 < § < 1/2. It remains to set 7 = v — 0 to complete the proof. O

We have proved inequalities for ) |[3\;|7 with v > 3/2. However, (5.5)
allows us to obtain a bound on eigenvalues belonging to €1, with v = 1.

Corollary 3. Let \j be the eigenvalues of the operator —A+V lying inside
Q={2: (Sz+1) - Rz—pw?>1, Sz>0} andletd>2. Then

Z|%Aj|gc(/ Wd/4+”dx+ud/2_l/ W rag) Wi
j Rd Rd

forany 1/2 <p < 1.
Similarly we can show

Corollary 4. Let d = 1 and let \j be the eigenvalues of the operator
—d?/dz? + V lying inside Q, = {z: (Sz+1)? = (Rz —p)?2 > 1, Sz > 0}.
Then
Sl < Wl [ Wi
i Re
forany 1/2 <p < 1.

Unfortunately if d = 1 then in order to obtain similar results we have to
avoid the point z = 0 and in this case we deal with the strip a < Rz < b,
a > 0. However, this is no longer true if v > 7/4. Indeed:

Theorem 8. Let \; be the eigenvalues of the operator H = —d?/dz* +V
lying inside the semi-infinite strip Iy = {z: 0 < Nz < b, Sz > 0}. Then for
anyy >T7/4,7 € (y—3,7) and V € L®(RY) such that W = (|[V|*+4SV); €
L™=Y* we have

> 1N < CIWIT @+ (WKL) ([ | 1w,
)\]'an R4

Proof. The inequality (5.5) could be easily modified and we can obtain
that for 1/2 <p <1

PIRCVEDEel e /R (W = 29)YF ) W7 = F(s, ). (5.6)
A;E€EQ,
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where ||[W |27 appears when we estimate the lowest eigenvalue A of the
operator Th = 3(—d?/dz* — p)? — W.

Now consider the part of the strip I, = {z : 0 < Rz < b, Sz > 0}
satisfying 3z > s >. We cover it by sets Q,, p € Ry. While doing this,
we avoid the value p = 0 taking p as large as possible. The optimal choice
of such p would be mu = g = vs? + 2s, where g satisfies the equation
(s + 1) — 2 = 1. Thus, without loss of generality, we can assume that
> s%+ 2s.

Arguing as in the proof of Theorem 3, we find that set of all points z € II,
whose 3z > s can be covered by not more than m(b) = [Cb//s] + 1 sets of
the form €Q,,.

Since there is no A; € II;, satisfying S\; > ||W{|s, we obtain

(S b+ |IW3?
Z (SAj = 5)4 < Z Z (SAj —s)+ < C%F(SMO)‘
)\jEHb =1 )\jEQHZ s
Therefore
Z IS\ [T =~(y—1) Z / (SN — 8)+87 2ds
A €1l A €1l 0

< b+ (IWIL2)C / S5 (s, /5) ds.
0

The integral in the right hand side converges only if v > 7/4 and using (5.6)
we arrive at

S I < CIWILP @+ WIRA( [ wrers)
/\jGHb R4

with 1/2 < p < 1. Tt remains to set = v+ p — 1 to complete the proof.
O

6. PROOF OF THEOREM 5

Theorem 5 has been already proved before for d = p = 1 (see[l], [7]).
Consider first the case when p > max{1,d/2}. By using Birman-Schwinger
principle, we find that the value A ¢ R, is an eigenvalue of the operator H
if and only if 1 is an eigenvalue of the operator

X =[V['"A(=a =NV,
and thus || X|| > 1. Note now that
X1 < 11l < IQ113,

where
Q= [V[13 = A= A7V2,
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Using Theorem 7 we obtain that
d§
1<lQI < en [ v ||
a [[€]2 = AP’
Assuming that p > d/2 there is a constant C' such that

d¢ dQ—/ d§ /2 1
J:/:)\/f" O\ | sin [P
i e —ap = N7 L fep = aap < G [sing

where ¢ = arg \ and consequently,
J < CISA P A2,

It remains to note that
1< (2m) 4 / V[Pdz.
Rd

In order to prove Theorem 5 for p = d/2 > 1 we use just Theorem 6 instead
of Theorem 7. Indeed, let

1
a(§) = TEE= N and p=d/2 > 1.
Then, using homogeneity, we obtain
1
[a]g = [ao]g, where ag — W
There is a constant C' > 0 such that
C‘)\ ]__p
lalf = laol} < Clsing|'™ = ||

It remains to note that, if A is an eigenvalue of H, then
1 < Clalb / |[VIPde  p=d/2.

The proof is complete. [J

7. INDIVIDUAL EIGENVALUE ESTIMATES

Let us now consider a Schrodinger operatorH = —A+iV (x) whose poten-
tial is pure imaginary. Besides we assume that V' > 0 and limp, ., V(z) =
0.

Our first statement concerns the case d = 3.

Theorem 9. Let V € L*(R3), V >0 and let z = k*> ¢ R, be an eigenvalue
of H=—-A+iV(z). Then

R

Vz)dz > 1. N
i [ V@ > (7.1)
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In particular, this shows that if ng V dx is small, then the real part of
the square root of the eigenvalue of H is large. That implies that non-real
eigenvalues of —A + itV escape any compact subset of C, as ¢ — 0. It
does not necessary imply that the eigenvalues tend to infinity as t — 0,
because they might simply reach the positive real semi-axis for some t > 0
(see Theorem 15).

Proof of Theorem 9. By using the Birman-Schwinger principle we find
that z = k? € R, is an eigenvalue of the operator H = —A + 14V if and only
if the operator

X =—iVV(-A—-2)"WV (7.2)
has an eigenvalue 1.

Suppose that &z > 0. Then the real part of the operator X is positive
and, consequently, the spectrum of this operator lies in the right half plane.
Therefore if z is an eigenvalue of H, then

d RG> 1,
J

where (; are eigenvalues of X. On the other side,
Z RG <trRX = 7(z, x) dz,
J

RS

where 7(z,y) is the integral kernel of the operator RX.
Since the kernel of the operator (—A — z)~! equals
eik‘x_y‘
g(z,y) = m7
we obtain that the kernel of the operator 3(—A — z)~! equals

go(z,y) = (2i) " (g(z,y) — g(y, 2))

whose diagonal values are

(2.2) = k+k Rk
I = T an
Finally
RE
triRX = V(z)go(z,z)de = — [ V(z)dz
R3 47 R3
implies (7.1). O

Corollary 5. Let d = 3 and let V € L'(R3) be a positive function. Then
non-real eigenvalues of —A + 1V do not accumulate to zero.

Using the same approach we obtain the following two results in dimensions
d=1and d = 2.
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Theorem 10. Let d = 1, z = k> € R, be an eigenvalue of the operator
H=-A+iV,V >0,V €L'(R). Then

Rk
— >
e /RV(:E)d{L‘ > 1,

which means that k lies inside the circle of radius 47 [V (z)dx with the
centre at 41 [, V(z) dx.

It is interesting to observe that if d = 2then the eigenvalues do not appear
at all if the integral of V is small.

Theorem 11. Let d =2, z ¢ Ry be an eigenvalue of H = —A+iV, V >0,
V € LY(R?). Then

1

5(% + arctan(R z /S z)) /V(JJ) dx > 1.

In particular, the spectrum of H is real if
T

2/V(a:)d:c <1

Proof. In order to prove this statement we just notice that if X is the
Birman-Schwinger operator (7.2) defined in the proof of Theorem 9, then

trRX = / /2%{%(!£|1M]d§'

The next result deals with some properties of complex eigenvalues of

0

Schrodinger operators in higher dimensions d > 4.

Theorem 12. Let d > 4 and let z ¢ Ry be an eigenvalue of H = —A + iV
with V> 0. Then

(d—2)/2
(21) " wg_ Rz + 2HVHOO‘ /V(x) dr > 2, (7.3)

where wq_1 is the area of the unit sphere S41.

Proof. 1If as before X is the Birman-Schwinger operator introduced in
(7.2) and z is an eigenvalue of the operator H, then 1/2 is an eigenvalue of
the operator X — 1/2. Consequently,

tr(RX —1/2)4 >1/2. (7.4)
Indeed, for the eigenvalues \; of the operator X we have
D (RN —1/2)4 <tr(RX —1/2),.

Therefore the eigenvalue sum in the left hand side is not less than 1/2.
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Obviously,

1%
(RX —1/2), < (&ex - ML

Concequently, using (7.4) we have

- Sz 1
s en [ Vi [ (G o)

The integration in the last integral is carried out over the domain where

Therefore

w_l / < % V4 _ ]. > df
T Jra V(6P = R2)?2+ (32)2 2Vl +
. (d—2)/2
<o W‘%z + 2|Vl . (75)
and we obtain (7.3). O
We now obtain some results involving LP norms of potentials with p > 1.

Theorem 13. Let d > 3 and let V > 0. Suppose that z ¢ R is an eigenvalue
of H = —A+1iV. Then there are positive constants C1 and Co depending
only on d and v > 0 such that

R

1S < (cl n cg(mz)dﬂ—l) / V2 . (7.6)

Proof. Let as before
X = —iVV(-A—2)"WV.

If z is an eigenvalue of H, then there is at least one eigenvalue of the operator
X that is not less than 1. If by s; we denote the eigenvalues of the operator
R X, then this implies

sup s~ (4247 card{; : s; > st > 1.
>0

This supremum is related to the norm in the weak Neumann-Schatten class
Y4/24~ and, due to Theorem 6, it can be estimated by

d/2+ Sz d/2+y
/V dx /Rd((£2 Rt s5) (7.7)
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We conclude the proof by estimating the latter integral

/Qd((§2——&égz-+ssz2>d/z+vdf

o Sz 247 491 0 R¥ Y24y a9
SC/_OO(52+%22) s/ ds+c/_oo(s2+%z2> [Rz["/2 ds
d/2-1
)\%zrf

by
< <C1+C2 é

O
Applying this result for the case v = 0 we obtain:

Corollary 6. Letd > 3 and let Cy be the constant in (7.6). IfCy [ V¥ 2dx <
1, then the eigenvalues of —A 4 iV belong to the conical sector {z : 0 <
arg z < a}, where « satisfies the equation

(C1 + Ca(cot a)d/z_l)/Vd/de = 1.

If v > 0 then in the proof of Theorem 13 one can apply Theorem 6 even
if d = 2 and obtain

Theorem 14. Let d =2 and let V > 0. Suppose that z ¢ R is an eigenvalue
of H = —A+1iV. Then there is a positive constant C' depending only on
v > 0 such that

|S27 < C/VH'Yd:c, v > 0.

8. ADDITIONAL REMARKS

Concluding this paper, we mention two rather obvious facts, that are valid
for an arbitrary complex potential V. For the sake of simplicity, we restrict
our study to the case d = 3. As before, H = —A + V is the Schrodinger
operator and ws is the area of the unit sphere S2.

Theorem 15. Let d =3. If V € L® N L' and let wa ||V || + 2|V |1 < 8.
Then the spectrum of the operator H is real.
The same statement is true if

Sup/ V) dy < 4.
z Jrs |z =yl

Theorem 16. Let d =3 and let z = k? ¢ R, be an eigenvalue of the oper-
ator H=—-A+V, Sk > 0. Then there is a positive constant C' depending
only on v > 0, such that

@m%gc/ywwﬂm.
R3
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Proof of both theorems. Suppose that z = k? is an eigenvalue of the
operator H. Then the norm of the operator X = |[V|V/2(=A — 2)~1V|/% is
not smaller then 1. By Schur’s inequality if G is an integral operator with
the kernel g(z,y) then

1G]] < mamo, (8.1)
where

dy
p(x,y)

mi = sup / 9z )] and mp = sup / 9, 9)pla, y) do
T Y

and p is a positive weight. Since the kernel of the operator X equals

eik"lx_yl

|V (x)['/? V2,

dmlz — y|
then applying (8.1) with the weight p = \/V (z)/V (y), we obtain that

—Sk|z—y|

1 e
X < — — |V (y)| dy.
1)1 < s [ =Vl dy

The statement of Theorem 15 follows from the trivial estimate

1 [V (y)| 1
1< IX] < — dy < —(wsl| Vs + 2V |I1).
< ”—477521)/]1@3 P y < g (@2Vileo +2(1V]1)

We obtain the statement of Theorem 16 using the Holder inequality

1 / |V(y)| 6—%k\x—y|dy

= dm Jgs |z — vy
e~ aSklyl 1/q I\l
< d — o P
> COHV‘P(/I;S |y’q y) C(%k)}y/pa

where p=3/24+~yand g=p/(p—1). O

Remark. By using similar arguments one can show that

\/E"Y+1/2O 2 / 124
<C ||V "d >1/2
5zl VAR sC [ VI 2,

for eigenvalues z ¢ Ry of the one-dimensional Schrédinger operator H =
—d?/dxz? + V. The constant C in this inequality can be computed explicitly

1 (27 - 1)%1/2‘

T 2\2y+1
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