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Our space: K = [0, 1]2

µ: a Borel regular probability measure on K.
µ has weak exponential decay ⇔

def

∃c1, c2, α1, α2 > 0, ∀x ∈ [0, 1]2, ∀r ∈ (0, 1]

c1r
α1 ≤ µ(B∗(x, r)) ≤ c2r

α2 , (0.1)

where B∗(x, r) = {y|y ∈ [0, 1]2, |x− y| < r}.
Examples
(1) Liouville measure (or Liouville quantum gravity) associated with Gaus-
sian free field
(2) Random self-similar measures
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Our space: K = [0; 1]2�: a Borel regular probability measure on K.� has weak exponential decay ,def9c1; c2;1;2 > 0, 8x 2 [0; 1]2; 8r 2 (0; 1]c1r1 � �(B�(x; r)) � c2r2; (0.1)where B�(x; r) = fyjy 2 [0; 1]2; jx � yj < r g.Examples(1) Liouville measure (or Liouville quantum gravity) associated with Gaus-sian freeeld(2) Random self-similar measures



Gaussian Free Field: a very short introduction based on [9, 2]

First Ingredient: (Ω,F , P ): a probability space
{φ}i≥1: independet random variables satisfying ∀i ≥ 1, φi ∈ L2(Ω, P ),∫

Ω

φidP = 0 and

∫
Ω

(φi)
2dP = 1.

{φi}i≥1: independent ⇒ {φi}i≥1 is an orthonormal system of L2(Ω, P ).

Second Ingredient: (H, (·, ·)): a real Hilbert space,
{ei}i≥1: a complete orthonormal base of (H, (·, ·)).
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Gaussian Free Field: a very short introduction based on [9, 2]First Ingredient : (Ω; F ; P ): a probability spacefφgi�1: independet random variables satisfying 8i � 1, φi 2 L2(Ω; P ),∫ΩφidP = 0 and∫Ω(φi)2dP = 1:fφigi�1: independent ) f φigi�1 is an orthonormal system of L2(Ω; P ).Second Ingredient : (H; (�; �)): a real Hilbert space,feigi�1: a complete orthonormal base of ( H; (�; �)).



Define Φ : H → L2(Ω, P ) as, ∀{αi}i≥1 ∈ ℓ2(R),

Φ(
∞∑
i=1

αiei) =
def

∞∑
i=1

αiφi

Φ −→
isometry

< φ1, φ2, · · · > i.e. (h, h) =

∫
Ω

(Φ(h))2dP.

Formally if Xω =
∑

i≥1 φi(ω)ei, then

Φ(h)(ω) = (Xω, h).

Note that Xω /∈ H!!
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Dene � : H ! L2(Ω; P ) as, 8figi�1 2 ℓ2(R),�(1∑i=1iei) =def1∑i=1iφi� � !isometry< φ 1; φ2; � � � > i.e. ( h; h) =∫Ω(�(h))2dP:Formally if X! = ∑i�1 φi(!)ei, then�(h)(!) = ( X!; h):Note that X! =2 H!!



Additional Setting 1: Gaussian
Assume that the distribution of φi = the centered normal Gaussian;
∀ Borel set A ⊆ R,

P ((φi)
−1(A)) =

∫
A

1√
2π

e−
x2

2 dx.

⇓

P (Φ(h)−1(A)) =

∫
A

1√
2π(h, h)

e−
x2

2(h,h)dx.

the distribution of Φ(h)
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Additional Setting 1: GaussianAssume that the distribution of φi = the centered normal Gaussian ;8 Borel set A � R,P ((φi)�1(A)) =∫A1p2� e� x22 dx:+P (�(h)�1(A)) =∫A1√2�(h; h)e� x22(h;h) dx:the distribution of �(h)



Additional Setting 2: Dirichlet energy
U ⊆ Rn: a bounded domain, µ∗: the Lebesgue measure
H1

0 (U): the collection of H1 functions with 0-bounday conditions.
(·, ·)D: the Dirichlet energy defined by

(f, g)D =
def

∫
U

(∇f,∇g)dµ∗

Fact: (H1
0 (U), (·, ·)D) is a Hilbert space.
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Additional Setting 2: Dirichlet energyU � Rn: a bounded domain, ��: the Lebesgue measureH 10 (U ): the collection of H 1 functions with 0-bounday conditions.(�; �)D: the Dirichlet energy dened by(f; g)D =def∫U(∇f; ∇g)d��Fact: (H 10 (U ); (�; �)D) is a Hilbert space .



∃ a complete orthonormal system {fi}i≥1 of L2(U, µ∗) and {λi}i≥1 such that
0 < λ1 ≤ λ2 ≤ λ3 ≤ · · · , limi→∞ λi = +∞, ∀i ≥ 1,

fi ∈ H1
0 (U) and ∆fi = −λifi

⇓{
ei =

def

fi√
λi

}
i≥1

: an orothnormal base of (H1
0 (U), (·, ·)D)

Definition 0.1. Φ(H) is called the Gaussian free field over U associated
with (Ω,F , P ) and {φi}i≥1.
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9 a complete orthonormal system ffigi�1 of L2(U; ��) and f�igi�1 such that0 < � 1 � �2 � �3 � � � � , lim i!1 �i = +1, 8i � 1,fi 2 H 10 (U ) and ∆ fi = ��ifi+{ei =deffip�i}i�1: an orothnormal base of ( H 10 (U ); (�; �)D)Denition 0.1. �(H) is called the Gaussian freeeld over U associatedwith (Ω ; F ; P ) and fφigi�1.



Formally

Xω(x) =
def

∑
i≥1

φi(ω)ei(x) : Gaussian random variable for each x ∈ U

Then

EP [Xω(x)Xω(y)] =

∫
Ω

Xω(x)Xω(y)P (dω)

=
∞∑
i=1

ei(x)ei(y) =
∞∑
i=1

fi(x)fi(y)

λi

= GU(x, y),

where GU(x, y) is the Green function of the domain U .
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FormallyX!(x) =def∑i�1φi(!)ei(x) : Gaussian random variable for each x 2 UThenEP [X!(x)X!(y)] =∫ΩX!(x)X!(y)P (d!)=1∑i=1ei(x)ei(y) =1∑i=1fi(x)fi(y)�i= GU (x; y);where GU (x; y) is the Green function of the domain U .



Gausiann free field to Liouville measure
Assume n = 2.
Φ(H): Gausssian free field over U associated wtih (Ω,F , P ) and {φi}i≥1.
Define

XN,ω(z) =
def

N∑
i=1

φi(ω)ei(z).

⇒ ∀ω ∈ Ω, XN,ω ∈ H1
0 (U) and ∀z ∈ U , XN,ω(x) ∈ L2(Ω, P ).

In L2(Ω, P ),

Φ(h) = lim
N→∞

(XN,ω, h)D(= (Xω, h)D, formally)

XN,ω: regularization of Xω.
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Gausiann freeeld to Liouville measureAssume n = 2.�(H): Gausssian freeeld over U associated wtih (Ω ; F ; P ) and fφigi�1.DeneXN;!(z) =defN∑i=1φi(!)ei(z):) 8 ! 2 Ω; XN;! 2 H 10 (U ) and 8z 2 U , XN;!(x) 2 L2(Ω; P ).In L2(Ω; P ),�(h) = limN !1(XN;!; h)D(= (X!; h)D; formally)XN;!: regularization of X!.



For γ ≥ 0, define

λN,γ,ω(z) =
def

γXN,ω(z)−
γ2

2
EP [XN,ω(z)

2]

= γXN,ω(z)−
γ2

2

∫
Ω

XN,ω(z)
2P (dω)

= γ

N∑
i=1

φi(ω)ei(z)−
γ2

2
G

(N)
U (z, z),

where G
(N)
U (z, w) =

N∑
i=1

fi(z)fi(w)

λi

.
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For� 0, dene�N;;! (z) =defXN;!(z) �22 EP [XN;!(z)2]=XN;!(z) �22∫ΩXN;!(z)2P (d!)=N∑i=1φi(!)ei(z) �22 G(N )U (z; z);where G(N )U (z; w) =N∑i=1fi(z)fi(w)�i.



Define

Mγ,N,ω(A) =
def

∫
A

eλN,γ,ω(z)µ∗(dz)

for any Borel set A ⊆ U . Then

Theorem 0.2 (Duplantier and Sheffield[2]). ∀γ ∈ [0, 2), P -a.s ω ∈ Ω,

Mγ,N,ω →
weakly

Mγ,ω as N → ∞.

Formally,

Mγ,ω(dz) = eλγ,ω(z)µ∗(dz),whereλγ,ω(z) = γXω(z)−
γ2

2
EP [Xω(z)

2]

Mγ,ω: the Liouville measure, or, the Liouville quantum gravity

There is another way to construct the Liouville measure by means of
Gaussian multiplicative chaos originated by Kahane[5] and recently
developed by Robert and Vargas[8]. See also [7].
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DeneM;N;! (A) =def∫Ae�N;;! (z)��(dz)for any Borel set A � U . ThenTheorem 0.2 (Duplantier and Sheffield[2]) . 82 [0; 2), P -a.s ! 2 Ω,M;N;! !weaklyM;! as N ! 1.Formally,M;! (dz) = e�;! (z)��(dz); where �;! (z) =X!(z) �22 EP [X!(z)2]M;! : the Liouville measure , or, the Liouville quantum gravityThere is another way to construct the Liouville measure by means ofGaussian multiplicative chaos originated by Kahane[5] and recentlydeveloped by Robert and Vargas[8]. See also [7].



Liouville Brownian motion
By Garban, Rodes and Vargas [4, 3]

Time change of the Brownian motion with respect to Mγ,ω is possible.

∃pγ,ω(t, z1, z2): associated heat kernel which is jointly continuous

The time changed process is called the Liouville Brownian motion.

Asymptotic bahaviro of pγ,ω(t, z1, z2):
Maillard, Rhodes, Vargas and Zeitouni [6] and Andres and Kajino[1].
By Andres and Kajino, P -a.e. ω ∈ Ω, Mγ,ω-a.e. z ∈ U ,

lim
t↓0

− log pγ,ω(t, z, z)

log t
= 1 + rough off-diagonal estimate
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Liouville Brownian motionBy Garban, Rodes and Vargas [4, 3]Time change of the Brownian motion with respect to M;! is possible.9p;! (t; z1; z2): associated heat kernel which is jointly continuousThe time changed process is called the Liouville Brownian motion .Asymptotic bahaviro of p;! (t; z1; z2):Maillard, Rhodes, Vargas and Zeitouni [6] and Andres and Kajino[1].By Andres and Kajino, P -a.e. ! 2 Ω, M;! -a.e. z 2 U ,limt#0� log p;! (t; z; z)log t = 1 + rough off-diagonal estimate



Notable fact on the Liouville measure:

Proposition 0.3 ([4] + [1]). Let V be a bounded subset of U . Then for
P -a.e. ω ∈ Ω, ∃c1, c2, α1, α2 > 0,∃R > 0, ∀x ∈ V , ∀r ∈ (0, R],

c1r
α1 ≤ Mγ,ω(B∗(x, r)) ≤ c2r

a2 .
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Notable fact on the Liouville measure :Proposition 0.3 ([4] + [1]) . Let V be a bounded subset of U . Then forP -a.e. ! 2 Ω, 9c1; c2;1;2 > 0; 9R > 0, 8x 2 V , 8r 2 (0; R],c1r1 � M;! (B�(x; r)) � c2ra2 :



Self-similarity of K: q1 = (0, 0), q2 = (1, 0), q3 = (1, 1), q4 = (0, 1) and

Fi(x) =
x− qi

2
+ qi

for i = 1, 2, 3, 4.

Wm = {1, 2, 3, 4}m = {w1 . . . wm|w1, w2, . . . , wm ∈ {1, 2, 3, 4}}

W∗ =
∪
m≥0

Wm

Fw1...wm = Fw1 ◦ Fw2 ◦ . . . ◦ Fwm

Kw1...wm = Fw1...wm(K)

|w|: length of w ∈ W∗ =
def

m such that w ∈ Wm.
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Self-similarity of K: q1 = (0; 0); q2 = (1; 0); q3 = (1; 1); q4 = (0; 1) andFi(x) = x � qi2 + qifor i = 1; 2; 3; 4.Wm = f1; 2; 3; 4gm = fw1 : : : wmjw1; w2; : : : ; wm 2 f1; 2; 3; 4ggW� =∪m�0WmFw1:::wm = Fw1 ◦ Fw2 ◦ : : : ◦ FwmKw1:::wm = Fw1:::wm(K)jwj: length of w 2 W� =defm such that w 2 Wm.



Random self-similar measure

∆ = {(p1, p2, p3, p4)|0 < pi < 1, p1 + p2 + p3 + p4 = 1}

ν is a Bore regular probability measure on ∆.
Let {(∆w, νw)}w∈W∗ be independent copies of (∆, ν) and define (Ω,Pν) as

Ω =
∏

w∈W∗

∆w and Pν =
∏

w∈W∗

νw.
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Random self-similar measure∆ = f(p1; p2; p3; p4)j0 < p i < 1; p1 + p2 + p3 + p4 = 1g� is a Bore regular probability measure on ∆.Let f(∆w; �w)gw2W� be independent copies of (∆ ; �) and dene (Ω ; P�) asΩ =∏w2W�∆w and P� =∏w2W��w:



Fact: Pν-a.e. ω =
∏

w∈W∗
(p1(w, ω), p2(w, ω), p3(w, ω), p4(w, ω)),

∃ Borel regular probability measure P ν
ω such that

P ν
ω (Kw1...wm) = pw1(ϕ, ω)pw2(w1, ω)· · ·pwm(w1 . . . wm−1, ω)

P ν
ω : a random self-similar measure on K.

Theorem 0.4. Assume that ∃q > 0 such that ∀i = 1, 2, 3, 4,∫
∆

(pi)
−qdν < +∞.

Then for Pν-a.e. ω, P ν
ω has weak exponential decay.
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Fact: P�-a.e. ! = ∏w2W�(p1(w; !); p2(w; !); p3(w; !); p4(w; !)),9 Borel regular probability measure P �! such thatP �! (Kw1:::wm) = pw1(ϕ; !)pw2(w1; !)� � �pwm(w1 : : : wm�1; !)P �! : a random self-similar measure on K.Theorem 0.4. Assume that 9q > 0 such that 8i = 1; 2; 3; 4,∫∆(pi)�qd� < +1:Then for P�-a.e. !, P �! has weak exponential decay.



the reflected Brownian motion on the square K = [0, 1]2

E(u, v) =
∫
K

2∑
i=1

∂u

∂xi

∂v

∂xi

dx : Dirichlet energy

for u, v ∈ H1,2(K): the Sobolev space.

E(u, v) = −
∫
K

u(Lv)dx,

where Lv =
2∑

i=1

∂2v

∂xi
2
: Laplacian.
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the reected Brownian motion on the square K = [0; 1]2E(u; v) =∫K2∑i=1@u@xi@v@xidx : Dirichlet energyfor u; v 2 H 1;2(K): the Sobolev space.E(u; v) = �∫Ku(Lv)dx;where Lv =2∑i=1@2v@xi2 : Laplacian.



Time Change = Inhomogeneous media
Introduce µ: Density of the media, a Radon measure on K.
Assume that µ(A) = 0 whenever Cap(A) = 0.

µ need not to be absolutely continuous to dx

Then by taking a proper modification Fµ of the original domain H1,2(K),

(E ,Fµ): a local regular Dirichlet form on L2(K,µ)

−→ same pathes but different speeds
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Time Change = Inhomogeneous mediaIntroduce �: Density of the media , a Radon measure on K.Assume that �(A) = 0 whenever Cap(A) = 0.� need not to be absolutely continuous to dxThen by taking a proper modication F� of the original domain H 1;2(K),(E; F�): a local regular Dirichlet form on L2(K; �)� !same pathes but different speeds



Define

h(x, y) =
def

max{− log |x− y|, 1}

hµ(w) =
def

sup
x∈Kw

∫
Kw

h(x, y)µ(dy)

h(x, y) ≍ the 0-Green function

Proposition 0.5. µ: weakly exponential decay ⇒ ∃C > 0, ∀w ∈ W∗,

hµ(w) ≤ C|w|2µ(Kw).

Furthermore, time change is possible with respect to µ.

µ: the volume doubling property ⇒ ∃C > 0, ∀w ∈ W∗

hµ(w) ≤ C|w|µ(Kw).
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Deneh(x; y) =defmaxf� log jx � yj; 1gh�(w) =defsupx2Kw∫Kwh(x; y)�(dy)h(x; y) ≍ the 0-Green functionProposition 0.5. �: weakly exponential decay ) 9 C > 0, 8w 2 W�,h�(w) � Cjwj2�(Kw):Furthermore, time change is possible with respect to �.�: the volume doubling property ) 9 C > 0, 8w 2 W�h�(w) � Cjwj�(Kw):



Poincaré inequality
Classical Poincaré inequality:

Cr2
∫
B∗(x,r)

2∑
i=1

(
∂u

∂xi

)2

dx ≥
∫
B∗(x,r)

|u(y)− u|B∗(x,r)|2dy ,

where B∗(x, r) = {y||x− y| < r}.
⇒ Estimate of the second eigenvalue of the Neumann Laplacian λ2, i.e.

λ2 ≥
C

r2
.
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Poincar� e inequalityClassical Poincar� e inequality:Cr 2∫B�(x;r)2∑i=1( @u@xi) 2dx �∫B�(x;r)ju(y) � ujB�(x;r)j2dy ;where B�(x; r) = fyjjx � yj < r g.) Estimate of the second eigenvalue of the Neumann Laplacian �2, i.e.�2 � Cr2 :



Poincaré inequality in general
(X, d): a metric space, µ: a Radon measure on X.
(E ,F): a local regular Dirichlet form on L2(X,µ).
U, V : open subsets of X, V ⊆ U ⊆ X.
gU(x, y): 0-order Green function associated with E on U .

Assumption 0.6. ∃α > 0, ∀x, y ∈ V , z ∈ U with d(x, z) ≥ d(x, y)/2,

gU(x, z) ≤ αgU(x, y)
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Poincar� e inequality in general(X; d): a metric space, �: a Radon measure on X.(E; F ): a local regular Dirichlet form on L2(X; �).U; V : open subsets of X, V � U � X.gU (x; y): 0-order Green function associated with E on U .Assumption 0.6. 9> 0, 8x; y 2 V , z 2 U with d(x; z) � d(x; y)=2,gU (x; z) �gU (x; y)



The following result is an adaptation/modification of that in
R. Bass, A stability theorem for elliptic Harnack inequalities, J. Eur. Math.
Soc. 17(2013), 856–876

Theorem 0.7. Under Assumption 0.6, ∀f ∈ F ,

E(f, f) ≥ 1

26

µ(V ) inf
x,y∈V

gU(x, y)

α2

(
sup
x∈V

∫
U

gU(x, z)µ(dz)

)2

∫
V

(f(x)− (f)V )
2µ(dx)

Remark.

Ex(τU) =

∫
U

gU(x, z)µ(dz) : Exit time form U
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The following result is an adaptation/modication of that inR. Bass, A stability theorem for elliptic Harnack inequalities, J. Eur. Math.Soc. 17(2013), 856{876Theorem 0.7. Under Assumption 0.6, 8f 2 F ,E(f; f ) � 126�(V ) infx;y2VgU (x; y)2(supx2V∫UgU (x; z)�(dz)) 2∫V(f (x) � (f )V )2�(dx)Remark.Ex(U ) =∫UgU (x; z)�(dz) : Exit time form U



Theorem 0.8. ∃C > 0 such that µ: Time change is possible ⇒
λ2(µ) ≥ C

hµ(ϕ)2
, i.e.

E(u, u) ≥ C

hµ(ϕ)2

∫
K

(u(x)− (u)µ)
2µ(dx) ,

where (u)µ =
def

∫
K
u(x)µ(dx).

Note that

E(u, u) =
∫
K

((∂u
∂x

)2
+
(∂u
∂y

)2)
dxdy
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Theorem 0.8. 9C > 0 such that �: Time change is possible )�2(�) � Ch�(ϕ)2 , i.e.E(u; u) � Ch�(ϕ)2∫K(u(x) � (u)�)2�(dx) ;where (u)� =def∫K u(x)�(dx).Note thatE(u; u) =∫K( ( @u@x) 2+( @u@y) 2)dxdy



Weak exponential decay + Poincaré inequality ⇒ Nash inequality

Define µw as µw(A) = µ(Fw(A))/µ(Kw).

E(u, u) =
∑
w∈Λ

E(u◦Fw, u◦Fw)

≥
∑
w∈Λ

C

hµw(ϕ)
2

∫
K

(
u◦Fw − (u ◦ Fw)µw

)2
dµw

=
∑
w∈Λ

C

hµw(ϕ)
2

(
1

µ(Kw)

∫
Kw

u2dµ− 1

µ(Kw)2

(∫
Kw

udµ
)2)

,

where Λ is a partition.
Note that if µ is volume doubling or self-similar, then hµw(ϕ) ≤ C ′
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Weak exponential decay + Poincar� e inequality ) Nash inequalityDene �w as �w(A) = �(Fw(A))=�(Kw).E(u; u) =∑w2�E(u◦Fw; u◦Fw)�∑w2�Ch�w(ϕ)2∫K(u◦Fw � (u ◦ Fw)�w) 2d�w=∑w2�Ch�w(ϕ)2(1�(Kw)∫Kwu2d� � 1�(Kw)2( ∫Kwud�) 2);where � is a partition.Note that if � is volume doubling or self-similar, then h�w(ϕ) � C ′



By the weak exopnential property,

hµw(ϕ)
2 ≤ c1(log µ(Kw)

4 + c2).

Set
φ(t) = t(c1(log t)

4 + c2).

Then

E(u, u) ≥
∑
w∈Λ

C

hµw(ϕ)
2

(
1

µ(Kw)

∫
Kw

u2dµ− 1

µ(Kw)2

(∫
Kw

udµ
)2)

≥
∑
w∈Λ

C

φ(µ(Kw))

(∫
Kw

u2dµ− 1

µ(Kw)

(∫
Kw

udµ
)2)
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By the weak exopnential property,h�w(ϕ)2 � c1(log �(Kw)4 + c2):Set φ(t) = t(c1(log t)4 + c2):ThenE(u; u) �∑w2�Ch�w(ϕ)2(1�(Kw)∫Kwu2d� � 1�(Kw)2( ∫Kwud�) 2)�∑w2�Cφ(�(Kw))( ∫Kwu2d� � 1�(Kw)( ∫Kwud�) 2)



Consequently,

E(u, u) + C
∑
w∈Λ

1

µ(Kw)φ(µ(Kw))

(∫
Kw

udµ
)2

≥ C
∑
w∈Λ

1

φ(µ(Kw))

∫
Kw

u2dµ

Let Λ is the partition of W∗ where φ(µ(Kw)) ≈ t. (Cheating!!)
Set ξ = φ−1. Then ∀t ∈ (0, 1],

E(u, u) + C1

tξ(t)
||u||21 ≥

C2

t
||u||22 – Nash type inequality.

⇒ ∀t ∈ (0, 1],

||Ttu||∞ ≤ Cmax{1, ξ(t)−1}||u||1
where Tt is the semigroup assocoiated with the time change.
Note that if µ is voulme doubling or self-similar, then ξ(t) = t.
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Consequently,E(u; u) + C∑w2�1�(Kw)φ(�(Kw))( ∫Kwud�) 2� C∑w2�1φ(�(Kw))∫Kwu2d�Let � is the partition of W� where φ(�(Kw)) � t. ( Cheating!!)Set � = φ�1. Then 8t 2 (0; 1],E(u; u) + C1t�(t) jjujj21 � C2t jjujj22 { Nash type inequality :) 8 t 2 (0; 1],jjTtujj1 � C maxf1; �(t)�1gjjujj1where Tt is the semigroup assocoiated with the time change.Note that if � is voulme doubling or self-similar, then �(t) = t.



Consequently,

Theorem 0.9. If µ has weak exponential decay, then
(1) Hµ =associated self-adjoint operator: compact resolvent
(2) The associated semigroup {Tt}t>0: ultraconatractive
(3) ∃ jointly continuous heat kernel pµ(t, x, y) and ∃α, c > 0

pµ(t, x, x) ≤ ct−α

for t ∈ (0, 1].
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Consequently,Theorem 0.9. If � has weak exponential decay, then(1) H� =associated self-adjoint operator : compact resolvent(2) The associated semigroup fTtgt>0: ultraconatractive(3) 9 jointly continuous heat kernel p�(t; x; y) and 9; c > 0p�(t; x; x) � ct�for t 2 (0; 1].



Assuem that µ has weak exponential decay.
General lower heat kernel estimate:
∃γ > 0, µ-a.e. x ∈ K, ∃Tx > 0, ∀t ∈ (0, Tx],

c

t| log t|9
≤ pµ(t, x, x)

With a weak doubling condition:
∃f : (0,∞) → [1,∞): non-increasing, ∀x ∈ K, r > 0

µ(B∗(x, 2r)) ≤ f(r)µ(B∗(x, r)) and lim
r↓0

log f(r)

log r
= 0.

Then ∀x ∈ K,

lim
t↓0

− log pµ(t, x, x)

log t
= 1
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Assuem that � has weak exponential decay.General lower heat kernel estimate:9> 0, �-a.e. x 2 K, 9Tx > 0, 8t 2 (0; Tx],ctj log tj9 � p�(t; x; x)With a weak doubling condition:9f : (0; 1) ! [1; 1): non-increasing, 8x 2 K; r > 0�(B�(x; 2r)) � f (r)�(B�(x; r)) and limr#0log f (r)log r = 0:Then 8x 2 K,limt#0� log p�(t; x; x)log t = 1



Volume doubling case:
Assume that µ has the volume doubling property with respect to the
Euclidean metric, i.e.

µ(B∗(x, 2r)) ≤ Cµ(B∗(x, r)).

Theorem 0.10 (Sub-Gaussian).
µ has the volume doubling property with respect to the Eucliden metric
⇔
∃dµ: a metric quasisymmetric to the Euclidean metric, ∃β ≥ 2,
∃c1, c2, c3, c4 > 0, ∀x, y, t,

pµ(t, x, y) ≤
c1
t
exp

(
− c2

(dµ(x, y)β
t

) 1
β−1

)
.

and if dµ(x, y) ≤ c4t, then

c3
t
≤ pµ(t, x, y).
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Volume doubling case :Assume that � has the volume doubling property with respect to theEuclidean metric, i.e.�(B�(x; 2r)) � C�(B�(x; r)):Theorem 0.10 (Sub-Gaussian).� has the volume doubling property with respect to the Eucliden metric,9d�: a metric quasisymmetric to the Euclidean metric, 9� 2,9c1; c2; c3; c4 > 0, 8x; y; t,p�(t; x; y) � c1t exp(� c2( d�(x; y)t) 1�1):and if d�(x; y) � c4t, thenc3t � p�(t; x; y):
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