NOTE ON BASIC FEATURES OF LARGE TIME BEHAVIOUR OF HEAT KERNELS

MATTHIAS KELLER^1, DANIEL LENZ^2, HENDRIK VOGT^3, AND RADOSŁAW WOJCIECHOWSKI^4

Abstract. Large time behaviour of heat semigroups (and, more generally, of positive selfadjoint semigroups) is studied. Convergence of the semigroup to the ground state and of averaged logarithms of kernels to the ground state energy is shown in the general framework of positivity improving selfadjoint semigroups. This framework encompasses all irreducible semigroups coming from Dirichlet forms as well as suitable perturbations thereof. It includes, in particular, Laplacians on connected manifolds, metric graphs and discrete graphs.

Introduction

The study of the heat equation has a long history. There is a vast amount of literature devoted to heat kernel estimates under various geometric assumptions. Here, we want to investigate two basic issues concerning long term behaviour of the heat semigroup, which turn out to be rather independent of the underlying geometry. These issues are:

• Convergence of the semigroup to the ground state. • Convergence of averaged logarithms of the kernels to the infimum of the spectrum.

In differential geometry these topics have been studied both for compact and non-compact manifolds. In the compact case the results are well known. In the general case, the first issue is settled by a result of Chavel and Karp [4] (see Simon [41] for a simplification as well), and the second is known as theorem of Li after [35], where a statement can be found. (The paper itself does not seem to contain a proof but rather provides much stronger estimates under additional curvature assumptions). Corresponding results on heat equations with an elliptic generator can also be found in Pinchover’s work [38, 39].

In probability theory these points are well known for (continuous time) Markov chains on a finite state space due to the Perron-Frobenius theorem. We are not aware of a treatment for general Markov chains on an infinite state space.

Here, we present a new approach to these two issues in the general framework of arbitrary positivity improving selfadjoint semigroups. This framework covers a large array of examples, among them Laplacians on manifolds, metric graphs and discrete graphs. In particular, we recover the mentioned

Date: December 18, 2012. 1

results of [4, 35, 41] and provide results for (continuous time) Markov chains on infinite state spaces. A short way of phrasing our result would be that existence of kernels alone already implies the above long term behaviour (irrespective of the underlying setting or geometry).

Let us emphasize that we do not require at all the existence of a ground state. In fact, in situations with a ground state the above long term behaviour can be rather easily inferred. In this sense, a major achievement of our approach is to be applicable irrespective of the existence of a ground state.

The crucial new insight for our unified treatment in the mentioned generality is that any positive function completely controls the bottom of the spectrum of a positivity improving selfadjoint semigroup. The proof of this fact is based on the simple observation that, for a strictly positive function h on the measure space (X, m), the set { u ∈ L^2(X, m) | 0 � u � h }

is total in L^2(X, m) (see Theorem 2.1 and its proof for details).

As a consequence of our investigations and earlier results of [42, 43] we can substantially generalize a result of Cabré and Martel [3] on existence of positive weak solutions of the heat equation with a strongly negative potential. In the same spirit we can generalize a recent result on Kolmogorov operators due to Goldstein/Goldstein/Rhandi [16].

We also note in passing that an application of our results to graphs positively answers a question raised by Weber in [45].

Unlike other basic results of semigroup theory, our results crucially depend on the selfadjointness of the underlying semigroup. In fact, they become wrong for general positivity improving semigroups as we show by an example below (see, however, [38, 39] for a treatment of certain non-selfadjoint semigroups in strongly local situations).

We develop our general results in three steps, first discussing general semigroups of selfadjoint operators in Section 1, then turning to positivity improving semigroups in Section 2 and finally turning to positivity improving semigroups with kernels in Section 3. An application to negative perturbations of positivity improving semigroups is presented in Section 4. This provides the above mentioned generalization of the result of [3]. In Section 5 we discuss examples viz Laplacians on manifolds, metric graphs and discrete graphs. This section contains the answer to the mentioned question of [45]. The (counter)example proving that selfadjointness is needed for our considerations is given at the end of Section 2.

The topic of the paper concerns the intersection of various subjects. Thus, not all readers may be familiar with the general theory of positivity improving semigroups. For this reason we include an appendix gathering various basic pieces of this theory.

1. Framework and basic result

In this section we introduce the framework used throughout the paper. We then present the basic result on convergence concerning the two issues discussed in the introduction.

We consider a selfadjoint operator L in a Hilbert space H. The inner product on H is denoted by ⟨·, ·⟩. The operator L is assumed to be bounded below. Hence, the operators e^{−tL}, t � 0, form a semigroup of bounded operators. The behaviour of this semigroup for large t is the focus of attention in the present work. The infimum of the spectrum of L is denoted by E_0 = E_0(L). The projection onto the eigenspace associated to E_0 is denoted by P , i.e., P := 1_{{E0}}(L),

where 1_X denotes the indicator function of the set X. Note that P = 0 if E_0 is not an eigenvalue. In any case, we speak about E_0 as the ground state energy. The spectral measure of an element f ∈ H with respect to L is denoted by ρ_f . It is a finite measure on [E_0, ∞) with the characteristic property that

⟨f, e^{−tL}f⟩ = ∫ [E_0,∞)

e^{−ts} dρ_f (s)

for all t � 0.

The topological support of the measure ρ_f is given by

spt(ρ_f ) = { E ∈ R | | ρ_f (E − δ, E + δ) > 0 for all δ > 0}.

The following is a rather immediate consequence of the spectral theorem (and part (a) is already contained in the considerations of [41]).

Theorem 1.1. Let L be a selfadjoint operator in the Hilbert space H with infimum of the spectum E_0 > −∞ and let P = 1_{{E0}}(L). Then the following holds:

(a) The operators e^{tE0} e^{−tL} converge strongly to P for t → ∞, i.e.,

e^{tE0} e^{−tL}f → P f (t → ∞)

for all f ∈ H.

(b) For any f ∈ H with f ≠ 0 the equality

lim_{t→∞} log⟨f, e^{−tL}f⟩ t = − inf spt(ρ_f )

holds.

Proof. (a) The spectral theorem gives

‖(e^{tE0} e^{−tL} − P )f‖^2 = ∫ [E_0,∞)

|e^{tE0} e^{−ts} − 1_{{E0}}(s)|^2 dρ_f (s).

Obviously, the integrand is bounded by 1 and tends to zero everywhere. Hence, the Lebesgue convergence theorem gives (a).

(b) Let E_f := inf spt(ρ_f ) and let t, δ > 0. The spectral theorem easily yields

e^{−(Ef +δ)t}‖1_{[Ef ,Ef +δ]}(L)f‖^2 � ∫ [E_f ,∞)

e^{−ts} dρ_f (s) � e^{−Ef t}‖f‖^2.

We can take logarithms in this inequality as

1_{[Ef ,Ef +δ]}(L)f ≠ 0

by the definition of spt ρ_f , obtaining

−(E_f + δ)t + 2 ln ‖1_{[Ef ,Ef +δ]}(L)f‖ � ln⟨f, e^{−tL}f⟩ � −E_f t + 2 ln ‖f‖.

After division by t, the desired statement then follows by considering first the limit t → ∞ and then δ → 0. □

For later use we note that any selfadjoint L which is bounded below by a constant C ∈ R comes with a closed form Q defined by

Q(f, g) := ⟨(L − C)^{1/2}f, (L − C)^{1/2}g⟩ + C⟨f, g⟩

for f, g ∈ D(Q) := D((L − C)^{1/2}). Note that this definition does not depend on the actual choice of C, provided that L � C.

2. Positivity improving semigroups

In this section we specialize the framework of the last section to positivity preserving selfadjoint semigroups. This will allow us to strengthen the result on convergence to the ground state energy of the previous section.

We note already here the following, with notation to be explained below: Our considerations hinge on strict positivity of expressions of the form e^{−tL}f. In the case that e^{−tL} is only positivity preserving, we will therefore require strict positivity of f. For positivity improving e^{−tL} it suffices to assume the corresponding f to be non-negative (and non-trivial).

Let H = L^2(X, m), where X is a measure space with σ-algebra B and a σ-finite measure m. A function f on X is called positive if

⟨f, f⟩ > 0 and f(x) � 0 for m-almost every x ∈ X.

A function f on X is called strictly positive if f(x) > 0 for m-almost every x ∈ X. The semigroup (e^{−tL})_{t�0} is called positivity preserving if e^{−tL} maps non-negative functions to non-negative functions for each t > 0; it is called positivity improving if

e^{−tL}f is strictly positive

for any positive f and all t > 0. Note that σ-finiteness of the measure m is a necessary condition for the semigroup to be positivity improving.

Remark. As is well known, the semigroup is positivity preserving if and only if the associated symmetric form Q satisfies the first Beurling-Deny criterion (see e.g. [2, 14]). A positivity preserving semigroup is positivity improving if it has further irreducibility properties; see Appendix A for further details.

The following result on positivity preserving semigroups is the crucial new ingredient of our considerations and the main result of this section. Theorem 2.1. Let L be selfadjoint and bounded below in L^2(X, m) with infimum of the spectrum E_0. Assume that the associated semigroup (e^{−tL})_{t�0} is positivity preserving. Then

lim_{t→∞} log⟨f, e^{−tL}g⟩ t = −E_0 for all strictly positive f and g in L^2(X, m).

Proof. Without loss of generality we can assume that E_0 = 0. We will show two inequalities:

As e^{−tL} is positivity preserving, we have 0 � ⟨f, e^{−tL}g⟩ � ‖e^{−tL}‖‖f‖‖g‖.

As E_0 = 0, we have ‖e^{−tL}‖ � 1 for all t � 0 and hence

lim sup t→∞ log⟨f, e^{−tL}g⟩ t � 0 follows. To show the reverse inequality we need the assumption that f and g are strictly positive. Thus,

h := min{f, g} satisfies h(x) > 0 for m-almost every x ∈ X. Therefore, A := { u ∈ L^2(X, m) | | 0 � u � h}

is total in L^2(X, m) (i.e., the linear span of A is dense). Thus, 0 = E_0 = inf_{u∈A} E_u, (♣) where E_u := inf spt(ρ_u). As e^{−tL} is positivity preserving and obviously f, g � min{f, g} = h � u � 0 for any u ∈ A, we obtain ⟨f, e^{−tL}g⟩ � ⟨h, e^{−tL}h⟩ � ⟨u, e^{−tL}u⟩ for any u ∈ A. Combined with (b) of Theorem 1.1 this gives

lim inf t→∞ log⟨f, e^{−tL}g⟩ t � lim_{t→∞} log⟨u, e^{−tL}u⟩ t = −E_u for any u ∈ A. By (♣) we obtain the desired inequality

lim inf t→∞ log⟨f, e^{−tL}g⟩ t � 0, and the theorem is proven. □ In the case of positivity improving semigroups, the previous result can be strengthened in that the assumption of strict positivity on f and g can be weakened. This is spelled out in the next result. This result can be seen as an integrated version of Li’s theorem. It does not require existence of kernels.

Theorem 2.2. Let L be selfadjoint and bounded below in L^2(X, m) with infimum of the spectrum E_0. Assume that the associated semigroup (e^{−tL})_{t�0} is positivity improving. Then

lim_{t→∞} log⟨f, e^{−tL}g⟩ t = −E_0

for all positive f and g in L^2(X, m).

Proof. As e^{−tL} is positivity improving, the functions e^{−L}f, e^{−L}g are strictly positive. Clearly,

⟨f, e^{−tL}g⟩ = ⟨e^{−L}f, e^{−(t−2)L}e^{−L}g⟩

holds for any t > 2. Now, the theorem follows easily from Theorem 2.1. □

We note the following consequence of the theorem and part (b) of Theorem 1.1.

Corollary 2.3. Consider L as in the previous theorem. Let f ∈ L^2(X, m) be positive. Then E_0 = inf spt(ρ_f ),

and, in particular, 1_{[E0,E0+δ)}(L)f ≠ 0

for any δ > 0.

Remarks. (a) The corollary is well known if E_0 is an eigenvalue. In this case there exists a (unique) almost everywhere positive normalized eigenfunction to E_0. This eigenfunction has then a non-vanishing inner product with any positive f and this easily implies the corollary.

(b) For strictly positive f the corollary will also hold if the semigroup is only assumed to be positivity preserving (as can be seen from Theorem 2.1).

(c) If the semigroup is only assumed to be positivity preserving, then the corollary (and the preceeding theorem) will in general be false: consider the direct sum of two positivity improving semigroups on disjoint sets and assume that the infima of the spectra of the two generators are different.

Large parts of the basic theory of positivity preserving semigroups do not depend on the selfadjointness of the generator. For this reason it is remarkable that our results crucially depend on this selfadjointness: In the following example it is shown that Theorem 2.2 is not true in general without the selfadjointness of L.

Example 2.4. Let N = {1, 2, . . .} be the set of natural numbers and ℓ_2 := ℓ^2(N) the associated ℓ^2 space (with m({x}) = 1 for all x ∈ N). Let L be the left shift on ℓ_2, i.e, Lx = (x_2, x_3, . . . ) for all x = (x_1, x_2, x_3, . . . ) ∈ ℓ_2. Observe that, as a positivity preserving operator, L generates a positivity preserving semigroup (e^{tL})_{t�0} on ℓ_2 which, however, is not positivity improving. (Note that here we consider L and not −L as a generator.)

Let μ ∈ (0, 1). Then y_μ := (μ^k)_{k∈N} ∈ ℓ_2. We define a bounded positivity preserving operator L_1 on ℓ_2 by

L_1x := Lx + x_1y_μ;

then one easily sees that L_1 generates a positivity improving semigroup (e^{tL1} )_{t�0} on ℓ_2. For λ ∈ (0, 1), λ ≠ 2μ, a straightforward computation shows that the function f : [0, ∞) → ℓ_2,

f(t) := e^{λt}y_λ + λ λ − 2μ

(e^{λt} − e^{2μt})y_μ

satisfies the differential equation f^′(t) = L_1f(t) for t � 0, and f(0) = y_λ. Therefore, e^{tL1} y_λ = f(t)

for all t � 0.

Now suppose that μ <^1_2 . Then for λ ∈ (2μ, 1) and any positive x ∈ ℓ_2 we obtain

lim_{t→∞} log⟨x, e^{tL1} y_λ⟩ t = λ.

In particular, the limit depends on the choice of λ, so no analogue of Theorem 2.2 can be true for the operator L_1.

3. Semigroups with kernels

In this section we further specialize the setting of the last section by assuming existence of (pointwise consistent) kernels. More precisely, we assume, for f ∈ L^2(X, m) and t > 0, that

e^{−tL}f(x) = ∫ X p_t(x, y)f(y) dm(y) for m-almost every x ∈ X,

for a measurable function

p: (0, ∞) × X × X −→ (0, ∞)

satisfying

(K1) p_t(x, y) = p_t(y, x) for all x, y ∈ X, (K2) p_t(x, ·) ∈ L^2(X, m) for any x ∈ X and t > 0, (K3) p_{t+s}(x, y) = ∫ X p_t(x, z)p_s(z, y) dm(z) for all x, y ∈ X and t, s > 0.

Note that p is positive everywhere and accordingly e^{−tL} is positivity improving.

Remarks. (a) In concrete situations, strict positivity of p may be achieved from non-negativity of p by removing a set of measure zero from X. Then our results below remain valid (after removing this set). See also Remark (c) at the end of this section.

(b) At the end of the section we will show that the existence of a kernel with these properties is automatically true in certain (rather general) topological situations.

Under the above assumptions, we can combine the results of the previous section with ideas developed in the context of manifolds in [4, 41] to obtain the following result. In fact, part (a) of the result is a rather direct adaption of the proof in [41]. Part (b) is then a consequence of (a) combined with Theorem 2.2. Indeed, Theorem 2.2 is crucial for dealing with the situation when the infimum of the spectrum is not an eigenvalue.

Theorem 3.1. Let L be a selfadjoint operator in L^2(X, m) with infimum of the spectrum given by E_0 > −∞. Assume that the semigroup (e^{−tL})_{t�0} has a kernel p as above. Then the following holds:

(a) There exists a unique measurable function Φ: X → [0, ∞) such that e^{tE0} p_t(x, y) → Φ(x)Φ(y) (t → ∞) for all x, y ∈ X. If E_0 is an eigenvalue, then the function Φ is a strictly positive normalized eigenfunction to E_0. If E_0 is not an eigenvalue, then the function Φ vanishes everywhere.

(b) For all x, y ∈ X the convergence log p_t(x, y) t → −E_0 (t → ∞)

holds.

Proof. Note that the uniqueness in (a) follows immediately from the convergence statement and non-negativity of Φ by considering x = y.

Without loss of generality, assume that E_0 = 0. For any x ∈ X we define the function g_x ∈ L^2(X, m) via the kernel at t = 1 by g_x(y) = p_1(x, y).

Note that g_x is positive everywhere by the assumption on p. Moreover, the assumption (K3) on p immediately gives p_{t+2}(x, y) = ⟨g_x, e^{−tL}g_y⟩. (♠) We now distinguish two cases:

Case 1: E_0 = 0 is not an eigenvalue. As E_0 is not an eigenvalue, the projection P is zero. We set Φ ≡ 0. Then by (♠) and (a) of Theorem 1.1 we see that

p_t(x, y) = ⟨g_x, e^{−(t−2)L}g_y⟩ → ⟨g_x, P g_y⟩ = 0 = Φ(x)Φ(y) as t → ∞, for all x, y ∈ X. This gives (a) of the theorem in this case. Moreover, (♠) and Theorem 2.2 give log p_t(x, y) t = log⟨g_x, e^{−(t−2)L}g_y⟩ t → −E_0.

This shows the desired statements in this case.

Case 2: E_0 = 0 is an eigenvalue. By general principles (see e.g. Section XIII.12 of [40]), there then exists a unique normalized eigenfunction Ψ that is positive m-almost everywhere and satisfies P = ⟨Ψ, ·⟩Ψ.

Observe that

Φ(x) := ⟨g_x, Ψ⟩ = ∫ p_1(x, y)Ψ(y) dm(y) = e^{−L}Ψ(x) = Ψ(x)

for m-almost every x ∈ X, so that Φ is a representative of Ψ. Moreover, by the assumption on p the function g_x is strictly positive for all x ∈ X and hence Φ(x) > 0 for all x ∈ X. Finally, (♠) and (a) of Theorem 1.1 give p_t(x, y) = ⟨g_x, e^{−(t−2)L}g_y⟩ → ⟨g_x, P g_y⟩ = ⟨g_x, Ψ⟩⟨g_y, Ψ⟩ = Φ(x)Φ(y) for all x, y ∈ X. This proves part (a) of the theorem in this case. Given strict positivity of Φ, the convergence of the kernels gives easily part (b) of the theorem in this case. □

Remark. Part (b) of the previous theorem can be seen as a rather general version of Li’s theorem [35] (cf. the introduction).

Note that the theorem gives a characterization of whether E_0 is an eigenvalue:

Corollary 3.2. Let L be as in the theorem. Let Φ_t(x) := ( e^{tE0} p_t(x, x)

)_{1/2} . Then the following are equivalent:

(i) E_0 is an eigenvalue.

(ii) The pointwise limit (for t → ∞) of Φ_t is not the zero function in L^2(X, m).

(iii) There exists an x ∈ X such that lim_{t→∞} Φ_t(x) ≠ 0.

We conclude the section with the already mentioned discussion of existence of kernels in a topological setting.

Proposition 3.3. Let X be a locally compact separable metric space and m a Radon measure on X with full support. Let L be selfadjoint and bounded below in L^2(X, m) with positivity improving semigroup (e^{−tL})_{t�0}. Assume that e^{−tL} maps L^2(X, m) into C(X), the set of continuous functions on X. Then there exists a (unique) measurable function p: (0, ∞)×X ×X → [0, ∞) that is continuous separately in each X variable, fulfills (K1), (K2), (K3) and satisfies

e^{−tL}f(x) = ∫ X p_t(x, y)f(y) dm(y)

for all x ∈ X and f ∈ L^2(X, m) (where e^{−tL}f denotes the unique continuous representative). Moreover, there exists a closed subset M of zero m-measure such that p_t(x, y) > 0 for any t > 0 whenever x /∈ M and y /∈ M hold.

Proof. Uniqueness of p is clear from the continuity properties. We prove existence: For any continuous φ: X → R with compact support and any t > 0, the operator M_φ e^{−tL} maps L^2(X, m) into C_b(X), the bounded continuous functions on X (where M_φ denotes the operator of multiplication by φ). The closed graph theorem shows that M_φ e^{−tL} : L^2(X, m) → C_b(X) is continuous. Then the Riesz representation theorem provides for each x ∈ X and t > 0 existence of a unique k_t(x, ·) ∈ L^2(X, m) with

e^{−tL}f(x) = ⟨ k_t(x, ·), f ⟩ = ∫ X k_t(x, y)f(y) dm(y)

for all f ∈ L^2(X, m).

We now define

p_t(x, y) := ∫ X k_{t/2}(x, z)k_{t/2}(y, z) dm(z) = ⟨ k_{t/2}(x, ·), k_{t/2}(y, ·) ⟩ for all t > 0 and x, y ∈ X. By construction, each p_t is symmetric, hence (K1) is satisfied. By construction, p_t is continuous in x and y separately.

To show measurability of p, we first note that (t, x) → k_t(x, ·) is weakly continuous. Indeed, for any f ∈ L^2(X, m) and arbitrary fixed s > 0 we have the continuity of

(s, ∞) × X ∋ (t, x) → e^{−tL}f(x) = e^{−sL} ( e^{−(t−s)L}f ) (x) as t → e^{−(t−s)L}f ∈ L^2(X, m) is continuous by the strong continuity of the semigroup and (x, g) → e^{−sL}g(x) is continuous by the continuity of M_φ e^{−tL} : L^2(X, m) → C_b(X) for all continuous φ with compact support. Now, by the separability assumption, the space L^2(X, m) has an (at most) countable orthonormal basis (e_n). Hence,

p_t(x, y) = ∑ n ⟨ k_{t/2}(x, ·), e_n ⟩⟨ e_n, k_{t/2}(y, ·) ⟩

is measurable as a countable sum of continuous functions. This concludes the proof of the measurability statement.

We now show that p is indeed a kernel of the semigroup and satisfies (K2). Let s, t > 0 and x ∈ X. Then for any f ∈ L^2(X, m) we have ⟨ k_{t+s}(x, ·), f ⟩ = e^{−(t+s)L}f(x) = e^{−sL}e^{−tL}f(x) = ⟨ k_s(x, ·), e^{−tL}f ⟩ = ⟨ e^{−tL}k_s(x, ·), f ⟩ , so we obtain

k_{t+s}(x, y) = e^{−tL}k_s(x, ·)(y) = ⟨ k_s(x, ·), k_t(y, ·) ⟩ for a.e. y ∈ X, by the definition of k_t(y, ·). In particular, k_t(x, ·) = p_t(x, ·) a.e. by the definition of p_t. Then (K2) follows as well as ∫ X k_t(x, y)f(y) dm(y) = ∫ X p_t(x, y)f(y) dm(y) = e^{−tL}f(x)

for any f ∈ L^2(X, m) and any x ∈ X. Moreover, we now see that p satisfies

p_{t+s}(x, y) = ⟨ p_s(x, ·), p_t(y, ·) ⟩ for all x, y ∈ X as, for fixed x, both sides are continuous in y and agree for a.e. y ∈ X as observed above. (Recall that y → p_t(y, ·) is weakly continuous.) By the symmetry of p_s this is (K3), so p has the desired properties.

It remains to show the statement on M: We first show that for x ∈ X the following alternative holds: Either p_t(x, ·) is strictly positive for all t > 0 or it vanishes identically for all t > 0.

Indeed, if p_t(x, ·) is not strictly positive for a t > 0 and an x ∈ X, then there exists a non-negative f in L^2(X, m) with f ≠ 0 and e^{−tL}f(x) = 0, and hence

0 = e^{−tL}f(x) = e^{−sL}(e^{−(t−s)L}f)(x) = ⟨ p_s(x, ·), e^{−(t−s)L}f ⟩ for all 0 < s < t. As the semigroup is positivity improving, e^{−(t−s)L}f is strictly positive for any 0 < s < t and we infer that p_s(x, ·) = 0 in L^2(X, m) for 0 < s < t. By continuity of p_s(x, ·) and (K3) we obtain p_s(x, y) = 0 for all y ∈ X and s > 0.

We now define M to be the set of x ∈ X for which p_1(x, ·) vanishes identically. Then M is closed by the continuity properties of p_1. Moreover, it has measure zero as e^{−L} is positivity improving. Finally, by the alternative just discussed and (K1) and (K3) we have for t > 0 and x /∈ M and y /∈ M that p_t(x, y) = ⟨ p_{t/2}(x, ·), p_{t/2}(y, ·) ⟩ > 0 holds. This gives the desired statement for M. □

Remarks. (a) The assumption that e^{−tL} maps into C(X) is satisfied whenever the domain of L^N is contained in C(X) for some N > 0 (which holds true in ‘smooth’ situations by local Sobolev theorems).

(b) The set M appearing in the statement of the proposition can in general not be avoided (as can easily be seen by considering singular perturbations).

(c) In the situation of the proposition one can remove M from X without changing the associated L^2 space (as M has measure zero). With X replaced by X \ M one is then exactly in the situation of Theorem 3.1 (compare with the first remark in this section).

(d) Related results on existence of kernels can be found e.g. in [20]. More specifically, Theorem 1.12 of that paper gives existence of kernels for sub- Markovian semigroups on L^p whose adjoint is again sub-Markovian and whose range satisfies some semicontinuity properties. So, under the additional assumption of contractivity on L^∞, the previous proposition could also be inferred from [20].

4. Admissible potentials

In this section we assume that we are given a positivity improving selfadjoint semigroup. In this situation one can then study perturbations by potentials V : X → R. Here, two types of perturbations are of particular interest. These are perturbations that are positive (or, more generally, bounded below) and perturbations that are negative (or, more generally, bounded above). It turns out that perturbations which are bounded below are ‘essentially harmless’. Details providing a more precise version of this statement are discussed in the appendix.

Here, we consider the much more subtle situation of perturbations arising from negative potentials. Our theorem below essentially generalises a result from Cabré and Martel [3] for the heat equation on smooth bounded subdomains of Euclidean space to all selfadjoint positivity improving semigroups. Note that below the addition of a negative potential is performed by subtracting a positive potential.

Let L be a selfadjoint operator in L^2(X, m) that is bounded below and assume that the semigroup (e^{−tL})_{t�0} is positivity improving. Let V : X → [0, ∞) be a measurable potential. We then define the “generalised ground state energy” of L − V by

λ_0(L, V ) := inf { Q(u, u) − ‖V^{1/2}u‖^2 | | u ∈ D(Q), ‖u‖_2 = 1}.

Note that λ_0(L, V ) = −∞ is possible, for example, if V^{1/2}u /∈ L^2(X, m) for some u ∈ D(Q) or, more generally, whenever V is not form bounded with respect to Q with bound less or equal to one.

The crucial observation is that, for every t � 0, the sequence (e^{−t(L−V∧k)}) of positive operators is increasing, i.e., (e^{−t(L−V∧k)}f) is an increasing sequence in L^2(X, m) for each positive f ∈ L^2(X, m). (This is an easy consequence of the Trotter product formula.) The potential V is called admissible if the strong limits

S_V (t) := s-lim_{k→∞} e^{−t(L−V∧k)}

exist and form a C_0-semigroup, i.e., satisfy

• S_V (t + s) = S_V (s)S_V (t) for all s, t > 0 and • S_V (t) → I strongly for t → 0.

It is well known that admissibility of V follows if the S_V (t) are exponentially bounded (see the proof of the subsequent proposition as well). We refer to [42, 43] for the notion of admissibility.

Proposition 4.1. Let L be a selfadjoint operator in L^2(X, m) that is bounded below and assume that the semigroup (e^{−tL})_{t�0} is positivity improving. Let V : X → [0, ∞) be measurable and let E ∈ R. Then the following assertions are equivalent:

(i) V is admissible and ‖S_V (t)‖ � e^{−Et} for all t � 0.

(ii) There exist M > 0 and positive functions f, g ∈ L^2(X, m) such that

⟨f, e^{−t(L−V∧k)}g⟩ � Me^{−Et}

for all t � 0 and k ∈ N.

(iii) The inequality λ_0(L, V ) � E holds; in other words, V + E � L holds in the form sense, i.e.,

‖V^{1/2}u‖^2 + E‖u‖^2 � Q(u, u)

for all u ∈ D(Q).

Proof. Obviously, V ∧ k is bounded and non-negative for any k ∈ N. The assumptions on L then give that the operator L − V ∧ k is bounded below and generates a positivity improving semigroup. Thus, if f, g ∈ L^2(X, m) are positive and k ∈ N, then

E_0(L − V ∧ k) = − lim_{t→∞} log⟨f, e^{−t(L−V∧k)}g⟩ t by Theorem 2.2. Therefore, property (ii) implies E_0(L − V ∧ k) � E for all k ∈ N, and thus

(ii’) L − V ∧ k � E in the form sense for all k ∈ N.

Conversely, if (ii’) holds, then (ii) is valid with any positive functions f, g ∈ L^2(X, m) and M = ‖f‖_2‖g‖_2.

Now, the equivalence of (i), (ii’) and (iii) is shown in Proposition 5.7 of [42]. There the proof is given for the heat semigroup on R^n only, but literally the same proof carries over to the general case. This proves the desired equivalence.

For illustrative purposes we actually give a proof of “(iii)⇒(i)” here. While slightly longer than the proof in [42], our proof seems to be more elementary: If (iii) holds, it will also hold with V replaced by V ∧ k for any k ∈ N. As V ∧ k is bounded, this gives

‖e^{−t(L−V∧k)}‖ � e^{−Et}

for all t � 0 and k ∈ N. Since for every positive f ∈ L^2(X, m) the sequence (e^{−t(L−V∧k)}f) is increasing, it follows that the limit in the definition of S_V (t) exists for each t � 0 and ‖S_V (t)‖ � e^{−Et} for all t � 0. Then, it is not hard to see that S_V (t + s) = S_V (t)S_V (s) for all s, t ≥ 0. It remains to show that S_V (t)f → f in L^2(X, m) as t → 0, for all f ∈ L^2(X, m). By linearity we can assume without loss of generality that f � 0. Note that 0 � u(t) := e^{−tL}f � S_V (t)f =: u_V (t) for all t � 0. It follows that

‖u_V (t) − u(t)‖^2 = ‖u_V (t)‖^2 + ‖u(t)‖^2 − 2⟨u_V (t), u(t)⟩ � ‖u_V (t)‖^2 − ‖u(t)‖^2

for all t � 0. Moreover, ‖u(t)‖_2 → ‖f‖_2 as t → 0 (since u(t) → f in L^2(X, m)) and ‖u_V (t)‖_2 � e^{−Et}‖f‖_2 for all t � 0. We conclude that u_V (t)− u(t) → 0 and hence u_V (t) → f in L^2(X, m) as t → 0. □

It is possible to reformulate (parts of) the preceding theorem in terms of solutions of a corresponding abstract Cauchy problem and to thereby characterize when λ_0(L, V ) > −∞ holds. This is done next.

Let ρ ∈ L^2(X, m) be strictly positive and let f ∈ L^1(X, ρm). We say that u: [0, ∞) → L^1(X, ρm) is an approximated solution with respect to ρ of the initial value problem

u^′(t) + Lu(t) = V u(t) (t > 0), u(0) = f (♥)

if there exists a sequence (f_k) in L^2(X, m) such that 0 � f_k ↑ f m-almost everywhere, e^{−t(L−V∧k)}f_k → u(t) in L^1(X, ρm) as k → ∞, for all t � 0, and u(t) → f as t → 0. Usually, we will suppress the dependence on ρ when speaking about approximated solutions. By definition, any approximated solution is continuous at t = 0. We also note that L^2(X, m) ⊆ L^1(X, ρm) since ρ ∈ L^2(X, m).

Theorem 4.2. Let L be a selfadjoint operator in L^2(X, m) that is bounded below and assume that the semigroup (e^{−tL})_{t�0} is positivity improving. Let V : X → [0, ∞) be measurable. Then λ_0(L, V ) > −∞ if and only if (♥) has an approximated solution that is exponentially bounded in L^1(X, ρm) for some strictly positive ρ ∈ L^2(X, m) and some positive f ∈ L^1(X, ρm). Moreover, if λ_0(L, V ) > −∞, then, for any positive f ∈ L^2(X, m), there exists an approximated solution u: [0, ∞) −→ L^2(X, m) which is continuous and exponentially bounded.

Proof. For the proof of sufficiency, let u be the presumed approximated solution. Let (f_k) be the sequence in L^2(E, m) approximating f, with f_1 ≠ 0 without loss of generality, and let M > 0 and E ∈ R be such that ‖u(t)‖_L1_{(X,ρm)} � Me^{−Et} for all t � 0. Then, from the monotonicity of (e^{−t(L−V∧k)}), it follows that

⟨ρ, e^{−t(L−V∧k)}f_1⟩ � ⟨ρ, u(t)⟩ = ‖u(t)‖_L1_{(X,ρm)} � Me^{−Et}

for all t � 0 and k ∈ N. Since f_1 is positive, it follows from Proposition 4.1 that λ_0(L, V ) � E > −∞.

Necessity is clear: If λ_0(L, V ) > −∞, then V is admissible by Proposition 4.1. Hence, for every positive f ∈ L^2(X, m), the map t → S_V (t)f provides an approximated solution to (♥) that is continuous and exponentially bounded in L^2(X, m). □

The above characterization of λ_0(L, V ) > −∞ is phrased in terms of the existence of approximated solutions. It is possible to replace approximated solutions by suitable weak solutions. This is discussed next.

We say that u: [0, ∞) × X → R is a weak solution with respect to ρ of (♥) if (1 + V )uρ ∈ L^1((0, T ) × X) for any T > 0 and ∫_∞ 0 ∫ u(t) ( Lφ(t) − φ^′(t) ) dm dt = ∫ fφ(0) dm +

∫_∞ 0 ∫ V u(t)φ(t) dm dt

for all compactly supported C^∞ functions φ: [0, ∞) → D(L) satisfying

|φ(t)|, |φ^′(t)|, |Lφ(t)| � cρ (t � 0)

for some c � 0. Such functions φ will be called test functions with respect to ρ. Usually we will suppress the dependence on ρ when speaking about weak solutions.

Remarks. (a) It suffices to assume the above for all compactly supported C^∞ functions φ: [0, ∞) → ⋂ k∈N D(L^k). To see this, replace φ(t) with e^{−εL}φ(t) and let ε → 0.

(b) The definition includes the setting of Cabré and Martel [3] as a special case. In fact, they have the assumptions that u, V uρ ∈ L^1((0, T )×X), which are more restrictive since they work with a bounded weight ρ.

Lemma 4.3. (a) Assume that there exists c � 1 such that e^{−tL}ρ � cρ for all t ∈ [0, 1]. If 0 � f ∈ L^1(X, ρm) and (♥) has a non-negative weak solution u: [0, ∞) −→ L^1(X, ρm) which is continuous at t = 0, then there exists an approximated solution v with 0 � v � u.

(b) Assume that there exists c > 0 such that e^{−tL}ρ � cρ for all t ∈ [0, 1] and e^{−L}ρ �^1_c ρ. Then every locally bounded approximated solution u: [0, ∞) −→ L^1(X, ρm) is a weak solution.

Proof (a) Let (f_k) be a sequence in L^2(X, m) such that 0 � f_k ↑ f m-almost everywhere. For k ∈ N we define u_k(t) := e^{−t(L−V∧k)}f_k. We are going to show that u_k � u for all k ∈ N; then it follows that the limit v := lim_{k→∞} u_k exists and v � u. Moreover, the convergence v(t) → f as t → 0 can then be seen as follows: given a fixed k ∈ N we have u_k(t) � v(t) � u(t) for all t > 0 and hence |v(t) − f| � max { u(t) − f, f − u_k(t) } , so

‖v(t) − f‖_L1_{(ρm)} � ‖u(t) − f‖_L1_{(ρm)} + ‖f − f_k‖_L1_{(ρm)} + ‖f_k − u_k(t)‖_L1_{(ρm)}.

The middle term on the right hand side is small for large k, and the first and third terms converge to 0 as t → 0. Thus, v is an approximated solution.

For the proof of u_k � u fix k ∈ N, a measurable function 0 � φ_0 � ρ and a compactly supported function 0 � ψ ∈ C^∞(0, ∞). We define φ: [0, ∞) → D(L) by

φ(t) :=

∫_t 0 ψ(t − r)e^{−r(L−V∧k)}φ_0 dr.

Then φ^′(t) =

∫_t 0 ψ^′(t − r)e^{−r(L−V∧k)}φ_0 dr as ψ(0) = 0. Note that the assumtion implies e^{−rL}ρ � c^{1+r}ρ for all r � 0. Therefore, e^{−r(L−V∧k)}φ_0 � e^{−r(L−k)}φ_0 � e^{rk}c^{1+r}ρ, and we infer that there exists c_1 > 0 such that

φ(t), |φ^′(t)| � c_1

∫_t 0 c^{1+r}e^{rk} dr · ρ

for all t � 0. On the other hand, φ(t) =

∫_t 0 ψ(r)e^{−(t−r)(L−V∧k)}φ_0 dr and hence φ^′(t) = ψ(t)φ_0 − (L − V ∧ k)φ(t), so

|Lφ(t)| � ‖ψ‖_∞ρ + kφ(t) + |φ^′(t)|.

We fix T > 0 and define φ_T : [0, ∞) → D(L) by

φ_T (t) := φ(T − t) for 0 � t � T, φ_T (t) := 0 for t > T.

By the above estimates, φ_T is a test function with respect to ρ. Moreover, φ^′_T (t) = −ψ(T − t)φ_0 + (L − V ∧ k)φ(T − t) for all 0 � t � T , so from u being a weak solution we obtain ∫_T 0 ∫ u(t) ( (V ∧ k)φ(T − t) + ψ(T − t)φ_0 ) dm dt = ∫ fφ(T ) dm +

∫_T 0 ∫ V u(t)φ(T − t) dm dt.

Therefore, since u, φ � 0, ∫_T 0 ∫ u(t)ψ(T − t)φ_0 dm dt � ∫ fφ(T ) dm.

By the definition of φ(T ), the estimate f � f_k and the self-adjointness of e^{−t(L−V∧k)} it follows that

∫_T 0 ψ(T − t) ∫ u(t)φ_0 dm dt �

∫_T 0 ∫ f_kψ(T − t)e^{−t(L−V∧k)}φ_0 dm dt = ∫_T 0 ψ(T − t) ∫ e^{−t(L−V∧k)}f_k · φ_0 dm dt.

This inequality holds for any 0 � ψ ∈ C^∞(0, ∞), any measurable function 0 � φ_0 � ρ and any T > 0. Recalling u_k(t) = e^{−t(L−V∧k)}f_k, we conclude that u � u_k.

(b) Let 0 � f_k ↑ f as in the definition of the approximated solution. For each k ∈ N, the function u_k defined by u_k(t) := e^{−t(L−V∧k)}f_k is a strong L^2(X, m)-solution of the equation

u^′_k(t) + Lu_k(t) = (V ∧ k)u_k(t) (t > 0), u_k(0) = f_k

and hence also a weak solution. Note that uρ ∈ L^1((0, T ) × X) for all T > 0 since u is locally bounded. Thus, for any test function φ with respect to ρ, the Lebesgue convergence theorem yields

∫_∞ 0 ∫ (V ∧ k)u_k(t)φ(t) dm dt = ∫_∞ 0 ∫ u_k(t) ( Lφ(t) − φ^′(t) ) dm dt − ∫ f_kφ(0) dm −→ ∫_∞ 0 ∫ u(t) ( Lφ(t) − φ^′(t) ) dm dt − ∫ fφ(0) dm

as k → ∞. It remains to show that V uρ ∈ L^1((0, T ) × X) for all T > 0; then it follows that u is a weak solution.

Let φ(t) := ψ(t) ·

∫_1 0 e^{−sL}ρ ds � cψ(t)ρ for all t � 0, with 0 � ψ ∈ C^∞_c [0, ∞). Then Lφ(t) = ψ(t)(ρ − e^{−L}ρ), so the assumptions imply that φ is a test function with respect to ρ. By the monotone convergence theorem we conclude from the above that V uρ ∈ L^1((0, T ) × X), which proves the assertion. □

Combining Theorem 4.2 with the previous lemma, we immediately obtain the following.

Corollary 4.4. Let L be a selfadjoint operator in L^2(X, m) that is bounded below and assume that the semigroup (e^{−tL})_{t�0} is positivity improving. Let V : X → [0, ∞) be measurable. Then the following holds:

(a) Assume that, for a positive f ∈ L^1(X, ρm) and for some strictly positive ρ ∈ L^2(X) satisfying e^{−tL}ρ � cρ for a c � 1 and all t ∈ [0, 1], there exists a weak solution with respect to ρ that is exponentially bounded in L^1(X, ρm) and continuous at t = 0. Then λ_0(L, V ) > −∞ holds.

(b) Assume that there exists c > 0 such that e^{−tL}ρ � cρ for all t ∈ [0, 1] and e^{−L}ρ �^1_c ρ. If λ_0(L, V ) > −∞ holds, then for every positive f ∈ L^2(X) there exists a positive weak solution (with respect to ρ) which is continuous and exponentially bounded in L^2(X, m).

The previous corollary can be understood as an abstract version of a result due to Cabré and Martel [3]. This is discussed next.

Example 4.5. In [3], Cabré and Martel study the existence of positive exponentially bounded solutions of the heat equation with a potential in the following setting: Let X be a smooth bounded subdomain of R^n and let δ ∈ L^2(X) be defined by δ(x) = dist(x, ∂X). Let Δ_D be the Dirichlet Laplacian in L^2(X) and set L := −Δ_D. Then −L generates a positivity improving semigroup on L^2(X). Moreover, L admits a ground state f_0, i.e., a normalized strictly positive eigenfunction to the ground state energy. By Section 3 of [8], the estimate c^{−1}δ � f_0 � cδ holds for some c � 1, and this easily gives e^{−tL}δ � c^2δ for all t � 0, as well as e^{−tL}δ � Cδ for all t ∈ [0, 1] with a suitable C > 0. This shows that δ satisfies all of the assumptions imposed on the density function ρ above.

Let V : X → [0, ∞) be measurable, let 0 � f ∈ L^1(X, δm) be locally integrable and consider the initial value problem

∂_tu − Δ_Du = V u, u(0) = f. (♦)

Then any weak solution of (♦) is continuous (as a function with values in L^1(X, δm), see [3]) and the assumptions of the previous corollary are satisfied (with ρ = δ). We thus obtain the following:

(1) If (♦) has a positive weak solution that is exponentially bounded in L^1(X, δm), for some positive f ∈ L^1(X, δm), then λ_0(−Δ_D, V ) > −∞. (2) If λ_0(−Δ_D, V ) > −∞, then (♦) has a positive weak solution that is exponentially bounded in L^2(X), for every positive f ∈ L^2(X).

With (1) and (2) we have obtained Theorem 1 of [3] as a special case of the previous corollary.

Remarks. (a) A proof of (1) and (2) in the previous example may also directly be based on Theorem 4.2: As is discussed in [3], at the bottom of p. 976, the initial value problem (♦) has an approximated solution with respect to δ if and only if it has a positive weak solution with respect to δ (and if positive weak solutions exist, then the approximated solution is the minimal one). Now, given this equivalence, (1) and (2) are immediate from Theorem 4.2.

(b) For Kolmogorov operators on weighted spaces L^2(R^n, ρ) a result analogous to the result in the previous example is known due to recent work of Goldstein/Goldstein/Rhandi (see Section 2 of [16]). Our Theorem 4.2 can also be used to reobtain the result of [16] along lines similar to the ones given in part (a) of the remark.

5. Examples

In this section we want to present some examples for which all of the assumptions of Section 3 are satisfied and hence all of the results of the previous sections hold.

We emphasize that non-negative potentials (satisfying some weak growth conditions) could be added to all of the operators L below and the resulting operators would still generate positivity improving semigroups, see Corollary A.3.

5.1. The Laplace-Beltrami operator on a manifold. The Laplace- Beltrami operator on a connected Riemannian manifold gives rise to a positivity improving semigroup with a continuous (and even C^∞) kernel and the results of the previous sections hold. For this example, validity of part (a) of Theorem 3.1 has already been proved by Chavel/Karp in [4], with substantial later simplifications by Simon in [41]. In fact, as mentioned already, part of our treatment in Section 3 is a rather direct adaption of these treatments. Part (b) of Theorem 3.1 has been obtained by Li [35]. We refrain from discussing further details and refer to the mentioned literature.

5.2. Laplacians on metric graphs. Laplacians on metric graphs (also known as quantum graphs) have attracted considerable interest in both physics and mathematics in recent years (see e.g. the articles [29, 30, 27, 28] and the conference proceedings [1, 13] and the references therein). While several variants and notations can be found in the literature, the basic setting is as follows (see [31] for further details and proofs):

Definition 5.1. A metric graph is a quintuple Γ = (E, V, i, j, l) where • E (edges) and V (vertices) are countable sets, • l : E → (0, ∞) defines the length of the edges, • i: E → V defines the initial point of an edge and j : { e ∈ E | | l(e) < ∞ } → V the end point for edges of finite length.

For e ∈ E we set X_e := {e} × (0, l(e)). Moreover, we set X_e := X_e ∪ {i(e), j(e)} (X_e := X_e ∪ {i(e)} if l(e) = ∞) and X := X_Γ = V ∪ ⋃ e∈E X_e.

Thus, X_e is essentially just the interval (0, l(e)), and the first component is only added to force the mutual disjointness of the X_e’s. Then X_e can be identified with [0, l(e)] and this will be done tacitly in the following. For simplicity, we will assume that all lengths l(e) are uniformly bounded away from zero.

To introduce a metric structure on X, we say that x ∈ X^N is a good polygon if for every k ∈ {1, . . . , N − 1} there is a unique edge e ∈ E such that {x_k, x_{k+1}} ⊆ X_e. Using the usual distance in [0, l(e)] we get a distance d on X_e and define

L(x) = N∑ k=1 d(x_k, x_{k+1}).

Provided the graph is connected and the degree d_v of every vertex v ∈ V defined as d_v := | |{e ∈ E | | v ∈ {i(e), j(e)}} | | is finite, a metric on X is given by

d(p, q) := inf { L(x) | x is a good polygon with x_0 = p and x_N = q } . If the graph is not connected (but d_v is still finite for every v ∈ V ), then, in this way, one can provide a metric on each connected component. Subsequently, we will assume finiteness of d_v for all v and equip the graph with the topology induced by these metrics on the components.

The Laplacian L with Kirchhoff boundary conditions is now defined as the operator corresponding to the form Q with

D(Q) := W^{1,2}(X), Q(u, v) := ∑ e (u^′_e|v^′_e),

where u_e := u ∘ π^{−1}_e is defined on (0, l(e)) with π_e : X_e → (0, l(e)) defined by π_e((e, s)) := s, and

W^{1,2}(X) := { u ∈ C(X) | | | ∑ e∈E ‖u_e‖^2_W 1,2 =: ‖u‖^2_W 1,2 < ∞ } .

Then Q is a Dirichlet form and −L generates a positivity preserving semigroup (see, e.g., [17, 31]; we refer to [22, 32] for more general boundary conditions).

Proposition 5.2. (Characterisation of positivity improvement) Let Q be as above and let L be the associated operator. Then the semigroup (e^{−tL})_{t�0} is positivity improving if and only if X is connected.

Proof. It is clear that e^{−tL} cannot be positivity improving if Γ is not connected. The other implication (and much stronger results) follow immediately from the Harnack inequality presented in [17] for connected graphs. □

Moreover, the existence of (continuous) kernels is known in this situation; see, e.g., [17, 31]. By the discussion at the end of Section 3 we obtain the following proposition.

Proposition 5.3. Let Q be as above and let L be the associated operator. If X is connected, then e^{−tL} possesses a kernel p satisfying the conditions (K1), (K2), (K3) of Section 3.

Given the previous propositions, as a consequence from Theorem 3.1 we obtain the following result for quantum graphs with Kirchhoff boundary conditions.

Corollary 5.4. Let Γ be a connected metric graph and let L be the associated operator with Kirchhoff boundary conditions. Then the kernel p of e^{−tL} satisfies

p_t(x, y) → Φ(x)Φ(y) and log p_t(x, y) t → −E_0 (t → ∞)

for a unique Φ: X → [0, ∞).

5.3. Laplacians on graphs. The study of Laplacians on graphs has a long history (see, e.g., the monographs [5, 7] and the references therein). In recent years issues such as essential self-adjointness [21, 46, 44], stochastic (in)completeness and suitable isoperimetric inequalities for infinite graphs have attracted particular attention, see e.g. [6, 10, 11, 12, 15, 21, 23, 24, 25, 26, 46, 47, 44] and the references therein. These issues can be studied in various settings. The most general setting seems to be the one introduced in [24] (see [18, 19] as well), which we now recall:

Let V be a countable set. Let m be a measure on V with full support, i.e., m is a map on V taking values in (0, ∞). A symmetric weighted graph over V or a symmetric Markov chain on V is a pair (b, c) consisting of a map c: V → [0, ∞) and a map b: V × V → [0, ∞) with b(x, x) = 0 for all x ∈ V satisfying the following two properties:

(b1) b(x, y) = b(y, x) for all x, y ∈ V . (b2) ∑ y∈V b(x, y) < ∞ for all x ∈ V .

Then x, y ∈ V with b(x, y) > 0 are called neighbors and thought to be connected by an edge with weight b(x, y). More generally, x, y ∈ V are called connected if there exist x_0, x_1, . . . , x_n ∈ V with b(x_i, x_{i+1}) > 0 for i = 0, . . . , n and x_0 = x, x_n = y. If any two x, y ∈ V are connected, then

(V, b, c) is called connected. To (V, b, c) we associate the form Q^{comp} = Q^{comp}_{b,c} defined on the set C_c(V ) of functions on V with finite support by Q^{comp} : C_c(V ) × C_c(V ) −→ [0, ∞)

Q^{comp}(u, v) = 1 2 ∑ x,y∈V

b(x, y)(u(x) − u(y))(v(x) − v(y)) + ∑ x c(x)u(x)v(x).

Observe that the first sum is convergent by properties (b1) and (b2); the second sum is finite. The form Q^{comp} is closable in ℓ^2(V, m); the closure will be denoted by Q = Q_{b,c,m} and its domain by D(Q). Thus, there exists a unique selfadjoint operator L = L_{b,c,m} in ℓ^2(V, m) such that

D(Q) = Domain of definition of L^{1/2} and Q(u) = ⟨L^{1/2}u, L^{1/2}u⟩_m

for all u ∈ D(Q). Note that L consists of essentially two parts, viz, a Laplacian type operator encoded by b and a non-negative potential encoded by c.

The form Q is a regular Dirichlet form on (V, m) (and any regular Dirichlet form on (V, m) arises in this way [14, 24]). Thus, the operator −L generates a positivity preserving semigroup.

It is not hard to characterise when the semigroup is positivity improving.

Proposition 5.5. (Characterisation of positivity improvement) Let (V, b, c) be as above and let L be the associated operator. Then the semigroup (e^{−tL})_{t�0} is positivity improving if and only if (V, b, c) is connected.

Proof. It is clear that the semigroup cannot be positivity improving if the graph is not connected. The other implication has been shown in [24] (see as well [44, 46, 9] for earlier results in special cases). □

As the underlying space is discrete, existence of kernels satisfying (K1), (K2) and (K3) is rather obvious (compare the discussion at the end of Section 3 as well). Thus, the results of the previous sections apply. We note in particular the following consequence of Theorem 3.1.

Corollary 5.6. Let (V, m) be a discrete measure space and (b, c) a graph on V . Let L be the associated operator. Then the kernel p of e^{−tL} satisfies

e^{tE0} p_t(x, y) → Φ(x)Φ(y) and log p_t(x, y) t → −E_0 (t → ∞)

for a unique Φ: V → [0, ∞).

Remark. The result of the corollary positively answers a question of Weber in [45].

Appendix A. Irreducibility and positivity preserving semigroups

The crucial assumption in our results is that e^{−tL} is positivity improving. It turns out that this condition is essentially equivalent to irreducibility combined with the preservation of positivity. This allows one to set up a stability theory for positivity improving semigroups. For semigroups with

E_0 being an eigenvalue this is discussed in XIII.12 of [40]. The general case is treated, e.g., in [34, 37]. For completeness reasons we shortly collect here a few items from [34, 37] to which we refer for further details and results.

We start with the definition of irreducibility for positivity preserving semigroups. Let us emphasize that our definition is the usual one in this context. It differs from the standard definition of irreducibility in the context of selfadjoint operators by an additional assumption on invariance under multiplication by L^∞ functions.

Definition A.1. Let L be a selfadjoint operator in L^2(X, m) and assume that −L generates a positivity preserving semigroup (e^{−tL})_{t�0}. Then L is called irreducible if any closed subspace of L^2(X, m) which is • invariant under multiplication by bounded measurable functions and • invariant under the semigroup, agrees with {0} or L^2(X, m).

The following is well known. It can be found in Section C-III.3 of [37] (see [34, 40] as well).

Theorem A.2. Let L be a selfadjoint operator in L^2(X, m) which is bounded below. Assume that the semigroup (e^{−tL})_{t�0} is positivity preserving. Then the following assertions are equivalent:

(i) e^{−tL} is positivity improving for one (all) t > 0. (ii) (L + α)^{−1} is positivity improving for one (all) α > −E_0(L). (iii) L is irreducible.

Given this theorem we can now discuss the stability of the improvement of positivity: By the first Beurling-Deny criterion, the semigroup (e^{−tL})_{t�0} is positivity preserving if and only if the associated form Q satisfies

Q(|u|, |u|) � Q(u, u)

for all u ∈ D(Q). Now, obviously this condition is preserved when Q is replaced by Q + V with V : X → R measurable and bounded below such that the domain of definition

D(Q + V ) := { f ∈ D(Q) | | ∫ X V |f|^2 dm < ∞ } is still dense. In particular, the operator L ∔ V associated to Q + V (the form sum of L and V ) is minus the generator of a positivity preserving semigroup.

Now, we can present the following variant of Theorem in XIII.12 of [40] and its proof.

Corollary A.3. Let L be a selfadjoint operator in L^2(X, m) with positivity improving semigroup (e^{−tL})_{t�0}. Let V : X → R be measurable and bounded below satisfying the following:

• D(Q + V ) is dense in L^2(X, m).

• There exists a sequence of bounded V_n on X such that L ∔ V − V_n converges to L in the strong resolvent sense.

Then L ∔ V is the generator of a positivity improving semigroup.

Proof. Set L_1 := L ∔ V . By denseness of D(Q + V ) in L^2(X, m) and the preceding discussion, the semigroup e^{−tL1} is positivity preserving. By Theorem A.2 it now suffices to show irreducibility. Let U be a closed subspace of L^2(X, m) invariant under multiplication by bounded functions and e^{−tL1} for each t > 0. Then, by the Trotter product formula, the subspace U will be invariant under e^{−t(L1 −Vn)} as well, for each n ∈ N. By strong resolvent convergence, the subspace U will be invariant under e^{−tL} as well. As the latter semigroup is positivity improving, the subspace U must be trivial. □

Note that the corollary obviously applies to bounded V (see C-III.3.3 of [37] for this case as well). Moreover, if D(Q + V ) is a core for D(Q), then one can argue as in Proposition 5.8(b) of [42] to see that the assumptions of the corollary are satisfied with V_n = V ∧ n.

Acknowledgements. It is our great pleasure to acknowledge fruitful and stimulating discussions with Józef Dodziuk on the topics discussed in the paper. R. W. would like to thank Isaac Chavel and Leon Karp for introducing him to the subject and for their continued encouragment and support. His research is financially supported by FCT grant SFRH/BPD/45419/2008/ and FCT project PTDC/MAT/101007/2008. D.L. and M.K. gratefully acknowledge partial financial support from the German Research Foundation (DFG).

References

[1] G. Berkolaiko, R. Carlson, S. A. Fulling and P. Kuchment (eds.), Quantum graphs and their applications, Contemporary Mathematics, vol. 415, American Mathematical Society, Providence, 2006.

[2] N. Bouleau and F. Hirsch, Dirichlet forms and analysis on Wiener space, de Gruyter Studies in Mathematics, vol. 14, Walter de Gruyter & Co., Berlin, 1991.

[3] X. Cabré, Y. Martel, Existence versus explosion instantanée pour des équations de la chaleur linéaires avec potentiel singulier, C. R. Acad. Sci. Paris Sér. I Math. 329 (1999), no. 11, 973–978.

[4] I. Chavel and L. Karp, Large time behavior of the heat kernel: the parabolic λ-potential alternative, Comment. Math. Helv. 66 (1991), no. 4, 541–556.

[5] F. R. K. Chung, Spectral graph theory, CBMS Regional Conference Series in Mathematics, vol. 92, American Mathematical Society, Providence, RI, 1997.

[6] F. R. K. Chung, A. Grigor’yan, S.-T. Yau, Higher eigenvalues and isoperimetric inequalities on Riemannian manifolds and graphs, Comm. Anal. Geom. 8 (2000), no. 5, 969–1026.

[7] Y. Colin de Verdière, Spectres de graphes, Cours Spécialisés, vol. 4., Société Mathématique de France, Paris, 1998.

[8] E.B. Davies, The equivalence of certain heat kernel and Green function bounds, J.

Funct. Anal. 71 (1987), no. 1, 88–103.

[9] E. B. Davies, Linear operators and their spectra, Cambridge Studies in Advanced Mathematics, vol. 106, Cambridge University Press, Cambridge, 2007.

[10] J. Dodziuk, Difference equations, isoperimetric inequality and transience of certain random walks, Trans. Amer. Math. Soc. 284 (1984), no. 2, 787–794.

[11] J. Dodziuk, Elliptic operators on infinite graphs, Analysis, geometry and topology of elliptic operators, World Sci. Publ., Hackensack, NJ, 2006, pp. 353–368.

[12] J. Dodziuk, W. S. Kendall, Combinatorial Laplacians and isoperimetric inequality, From local times to global geometry, control and physics, Pitman Res. Notes Math., vol. 150, Longman Sci. Tech., Harlow, 1986, pp. 68–74.

[13] P. Exner; J. P. Keating; P. Kuchment, T. Sunada, A. Teplyaev, V. A. Vladimir A.

Geyler (eds.), Analysis on graphs and its applications, Proceedings of Symposia in Pure Mathematics, vol. 77, Amer. Math. Soc., Providence, RI, 2008.

[14] M. Fukushima, Y. Oshima, M. Takeda, Dirichlet forms and symmetric Markov processes. de Gruyter Studies in Mathematics, vol. 19. Walter de Gruyter & Co., Berlin, 1994.

[15] K. Fujiwara, The Laplacian on rapidly branching trees, Duke Math Jour. 83 (1996), no. 1, 191–202.

[16] G. R. Goldstein, J. A. Goldstein, A. Rhandi, Weighted Hardy’s inequality and the Kolmogorov equation perturbed by an inverse-square potential, to appear in Appl. Anal., DOI: 10.1080/00036811.2011.587809.

[17] S. Haeseler, Heat kernel estimates and related inequalities on metric graphs, preprint. [18] S. Haeseler, M. Keller, Generalized solutions and spectrum for Dirichlet forms on graphs, in [33], 181–201.

[19] S. Haeseler, M. Keller, D. Lenz, R. Wojciechowski, Laplacians on infinite graphs:

Dirichlet and Neumann boundary conditions, J. Spectral Theory 2 (2012), no. 4, 397–432.

[20] N. Jacob, R. L. Schilling, Towards an L^p Potential Theory for Sub-Markovian Semigroups: Kernels and Capacities, Acta Mathematica Sinica, English Series, 22 (2006), no 4, 1227 – 1250.

[21] P.E.T. Jorgensen, Essential self-adjointness of the graph-Laplacian, J. Math. Phys.

49 (2008), no. 7, 33.

[22] U. Kant, T. Klauß, J. Voigt and M. Weber, Dirichlet forms for singular onedimensional operators and on graphs, J. Evol. Equ. 9 (2009), no. 4, 637–659.

[23] M. Keller, The essential spectrum of the Laplacian on rapidly branching tesselations, Math. Ann. 346 (2010), no. 1, 51–66.

[24] M. Keller, D. Lenz, Dirichlet forms and stochastic completeness of graphs and subgraphs, J. Reine Angew. Math. (Crelle’s Journal) 666 (2012), 189 –223.

[25] M. Keller, D. Lenz, Unbounded Laplacians on graphs: basic spectral properties and the heat equation, Math. Model. Nat. Phenom., 5 (2010), no. 4, 198–224.

[26] M. Keller, N. Peyerimhoff, Cheeger constants, growth and spectrum of locally tessellating planar graphs, Math. Z. 268 (2011), 871–886.

[27] V. Kostrykin and R. Schrader, Kirchhoff’s rule for quantum wires, J. Phys. A, 32 (1999), no. 4, 595–630.

[28] V. Kostrykin and R. Schrader, Kirchhoff’s rule for quantum wires II. The inverse problem with possible applications to quantum computers, Fortschr. Phys. 48(2008), no. 8, 703–716.

[29] P. Kuchment, Quantum graphs. I. Some basic structures, Waves Random Media, 14 (2004), no. 1, S107–S128. Special section on quantum graphs.

[30] P. Kuchment, Quantum graphs. II. Some spectral properties of quantum and combinatorial graphs, J. Phys. A, 38(2005), no. 22, 4887–4900.

[31] D. Lenz, C. Schubert, P. Stollmann, Eigenfunction expansion for Schrödinger operators on metric graphs, Integral Equations and Operator Theory 62 (2008), no. 4, 541–553.

[32] D. Lenz, C. Schubert, I. Veselic, Unbounded quantum graphs with unbounded boundary conditions, preprint, arXiv:1205.1944.

[33] D. Lenz, F. Sobieczky, W. Woess (eds.) Random walks, boundaries and spectra, Progress in Probability, vol. 64, Birkhaeuser, 2011.

[34] D. Lenz, P. Stollmann, I. Veselic, Connectedness and irreducibility for perturbations of Dirichlet forms. In preparation.

[35] P. Li, Large time behavior of the heat equation on complete manifolds with nonnegative Ricci curvature, Ann. of Math. (2) 124 (1986), no. 1, 1–21.

[36] B. Metzger, P. Stollmann, Heat kernel estimates on weighted graphs, Bull. London Math. Soc. 32 (2000), no. 4, 477–483.

[37] R. Nagel (ed.), One-parameter semigroups of positive operators, Lecture Notes in Mathematics, vol. 1184, Springer-Verlag, Berlin, 1986.

[38] Y. Pinchover, Large time behavior of the heat kernel and the behavior of the Green function near criticality for nonsymmetric elliptic operators, J. Funct. Anal. 104 (1992), no. 1, 54 – 70.

[39] Y. Pinchover, Large time behavior of the heat kernel, J. Funct. Anal. 206 (2004), no.

1, 191–209.

[40] M. Reed, B. Simon, Methods of modern mathematical physics IV. Analysis of operators, Academic Presse, London, 1978.

[41] B. Simon, Large time behavior of the heat kernel: On a theorem of Chavel and Karp, Proc. Amer. Math. Soc. 118 (1993), no. 2, 513–514.

[42] J. Voigt, Absorption semigroups, their generators and Schrödinger semigroups, J.

Funct. Anal. 67 (1986), no. 2, 167–205.

[43] J. Voigt, Absorption semigroups, J. Operator Theory 20 (1988), no. 1, 117–131. [44] A. Weber, Analysis of the physical Laplacian and the heat flow on a locally finite graph, J. Math. Anal. Appl. 370 (2010), no. 1, 146 – 158.

[45] A. Weber, Non-negative solutions of the heat equation on a graph and eigenvalue bounds, Results Math. 57 (2010), no. 3-4, 221–228.

[46] R. K. Wojciechowski, Stochastic completeness of graphs, ProQuest LLC, Ann Arbor, MI, 2008. Thesis (Ph.D.)–City University of New York.

[47] R. K. Wojciechowski, Heat kernel and essential spectrum of infinite graphs, Indiana Univ. Math. J. 58 (2009), no. 3, 1419–1441.

[48] R. K. Wojciechowski, Stochastically incomplete manifolds and graphs, in: [33].

1 Mathematisches Institut, Friedrich Schiller Universität Jena, D-03477 Jena, Germany, m.keller@uni-jena.de

2 Mathematisches Institut, Friedrich Schiller Universität Jena, D-03477 Jena, Germany, daniel.lenz@uni-jena.de, URL: http://www.analysis-lenz.unijena.de/

3 Institut für Mathematik, Technische Universität Hamburg-Harburg, D-21073 Hamburg, Germany, hendrik.vohugo@egon gt@tu-darmstadt harburg.de

4 York College of the City University of New York, Jamaica, NY 11451, USA, rwojciechowski@york.cuny.edu