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Abstract We will accomplish the exact limits for all order derivatives of the
global weak solutions to a two-dimensional incompressible dissipative quasi-
geostrophic equation. We will also establish the improved decay estimates
with sharp rates for all order derivatives. We will consider two cases for the
initial function and the external force and prove the optimal results for both
cases. We will couple together existing ideas (including the Fourier transfor-
mation and its properties, Parseval’s identity, iteration technique, Lebesgue’s
dominated convergence theorem, Gagliardo-Nirenberg-Sobolev interpolation
inequality, squeeze theorem, Cauchy-Schwartz’s inequality, etc) existing re-
sults (the existence of global weak solutions, the existence of local smooth
solution on (T, 00) and the elementary decay estimate with a sharp rate) and
a few novel ideas to obtain the main results.
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1. Introduction
1.1. The mathematical model equations and known related
results

Consider the Cauchy problem for the two-dimensional incompressible dissipative
quasi-geostrophic equation

%u—I—a(—A)”u—I—J(u,(—A)_l/Qu) = f(x,t), (1.1)
u(x,0) = ug(x). (1.2)

In this problem, o > 0 and p > 0 are positive constants, x = (z,y) € R?, u = u(x,t)
represents the temperature of the fluid, (—A)~/2u is called the stream function.
The Jacobian determinant is defined by

J(u, (—A)V2y) = ﬁuﬁ(—A)_lmu — ﬁu

_ 0 \—1)2
Ox Oy Oy &E( ) o

Unlike nonlinear functions in other nonlinear evolution equations, the Jacobian
determinant is not only a nonlinear function, but also a nonlocal term. The Fourier
transformation of the Jacobian determinant is a totally nontrivial problem. The
model equation is called subcritical, critical or supercritical, if p > 1/2, p =1/2 or
p < 1/2, respectively.

The linear operators

9
or

0

(—n)~1/2 and ay

—1/2
()Y
represent the standard Riesz transformations in R%. The vector field

(~8) 7
(~8)"

F(x,t) def
+

P Slo

represents the velocity of the fluid. The fluid is incompressible because V - F = 0.
The model is the dimensionally correct analogue of the three-dimensional incom-
pressible Navier-Stokes equations, if p = 1/2. It is derived from a general quasi-
geostrophic equation in the special case of constant potential vorticity and buoyancy
frequency. It is a model in geophysical fluid dynamics because it arises in meteo-
rology and oceanography. Therefore, it is of great interest in applied mathematics.
In particular, the critical dissipative quasi-geostrophic equation is a very important
model for the investigation of the existence of the global smooth solution of the
three-dimensional incompressible Navier-Stokes equations.

There have been many contributions to the existence of global smooth solution,
global weak solution, elementary decay estimates of the Cauchy problem, for the
case f = 0. While it is impossible to list all related results, let us mention some
previous results closely related to this paper. For the existence of the global smooth
solution, particularly the case 1/2 < p < 1, and the existence of the global weak
solutions, particularly the case 0 < p < 1/2, see Chen, Miao and Zhang [1], Con-
stantin, Cordoba and Wu [2], Constantin and Wu [3], Cordoba and Cordoba [4],
Dong [6], Dong and Du [7], Dong and Pavlovic [8], Ning Ju [11]- [12], Kiselev,



The Exact Limits and Improved Decay Estimates 149

Nazarov and Volberg [13], and Miao and Xue [14]. For the existence of global weak
solution, which is also a local smooth solution on some unbounded interval (T, o0),
where T > 1 is a sufficiently large positive constant, see Dabkowski [5]. For the
decay estimates of the global weak solutions, see Dong and Du [7], Ferreira, Niche
and Planas [9], Pu and Guo [16], Maria E. Schonbek and Tomas P. Schonbek [17].
For the asymptotic behaviors of other problems, see [10].

Note that, if f = 0, then there exists a unique global smooth solution for each
1/2 < p < 1, there exists a global weak solution for each 0 < p < 1/2. Moreover,
there holds the following uniform energy estimate

wienfaxs20 [ [ (Capmunpar)
Ul mearsess ] |

<{J[. |U0(X)|2dx}1/2 <[] e t>|2dx}1/2 dt.

Moreover, if the initial function and the external force are sufficiently small, then
the global weak solution coincides with a global smooth solution. If the initial
function or the external force is large, then after a long time 7', the global weak
solution becomes small enough and sufficiently smooth on (7, 00). For our main
purposes, we need the existence of the global weak solution and the existence of the
local smooth solution on (T, 00), but we do not need any estimate on the bounded
interval (0,T).
Also consider the Cauchy problem for the corresponding linear equation

R N N L) (13)
v(x, ) = up(x). (1.4)

There exists a unique global smooth solution to the Cauchy problem for the linear
equation, under appropriate conditions on the initial function ug = ug(x) and the
external force f = f(x,t). For example, if the initial function and the external force
satisfy the following conditions

up € L'(R?),  fe C®(R?xRT),
or if
up € L*(R?),  fe C®(R?xRT),
then
v € C®(R?* x RT).

Note that the initial functions for the nonlinear problem and the linear problem are
the same, the external forces for both problems are the same as well. We may use
the global smooth solution of the linear problem to approximate the global weak
solutions of the nonlinear problem.

In this paper, we will study the exact limits and the improved decay estimates
with sharp rates for all order derivatives of the global weak solutions to the two-
dimensional incompressible dissipative quasi-geostrophic equation. See Subsection
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1.4 for the statements of the main results. See Section 2 for the proofs of the exact
limits and the improved decay estimates with sharp rates.

There exist special structures in the dissipative quasi-geostrophic equation, espe-
cially in the Fourier transformation of the Jacobian determinant .J(u, (—A)~/2u).
We will reveal the hidden special structures in this paper and we will make complete
use of them to accomplish the exact limits and the improved decay estimates with
sharp rates for all order derivatives of the global weak solutions. Without using the
special structures, it is impossible to obtain the exact limits, the improved decay
estimates with sharp rates and other results.

Notations: We will use the following Banach spaces and Hilbert spaces:

rw) = fo =060+ [[ lotolax<ocf,

@) = {o= 06 [[ lo9pax <o},

£(R2) = {6 = 600 :sup o) < o0}
L1<R+,L2<R2>>:{w=w<x,t>:/°° JIRE dx}l/zdmoo},
s 2@ = {v=uex s [ [[ wocnfaxa <ol
p(ie, 1 (R2) = {w = veet) sup [ (4 16T O Pag < o
s @) = {o=vixo: [ [ aviehive e < o).

Definition 1.1. Let the function ¢ € L' (R?). Define its Fourier transformation by

56 =[] exn(cix- oo

x = € R?, &= S e R?, x - &=z + yo.

Yy o

where

Definition 1.2. Let r be a real constant, typically, » = p or r = —1/2. Define the
fractional order derivative (—A)"¢ of ¢ by using the Fourier transformation

(CA)H(E) = |6 6(6),
for all £ € R2.

1.2. The main motivations - the main purposes - the main
difficulties - the main strategies - the main advances

The main motivations: Here are many very important and interesting questions
about the two-dimensional dissipative quasi-geostrophic equation.



The Exact Limits and Improved Decay Estimates 151

What are the influences on the global weak solutions u = u(x,t) of the physical
mechanisms, which are represented by the diffusion coefficient «, the order p in the
dissipation (—A)?, the initial function ug, the external force f, the order m of the
derivative, and the special structures of the Jacobian determinant .J(u, (—A)~1/2u)?

What mechanisms have large influences and what mechanisms have minor in-
fluences to the global weak solutions?

Can we greatly improve previous results on the decay estimates of the global
weak solutions?

Can we accomplish the exact limits for all order derivatives of the global weak
solutions in terms of some known information?

As the diffusion coefficient, the order of the dissipation, and the order of the
derivatives increase, how fast will the value of each exact limit change? As the
initial function and the external force increase, how fast will the value of the exact
limit increase?

Can we use the global smooth solution of the corresponding linear equation to
approximate the global weak solutions of the nonlinear equation?

If yes, will the solution of the nonlinear equation become closer and closer to
the solution of the corresponding linear equation as time goes to infinity?

Are there any error estimates to the above approximations? Will the error
become smaller and smaller when time approaches infinity?

Are the global weak solutions of the two-dimensional dissipative quasi-geostrophic
equation stable with respect to perturbations of the initial function and the external
force?

If we drop the Jacobian determinant in the nonlinear equation, will the exact
limits reduce to the exact limits of the global smooth solution of the corresponding
linear equation?

For the nonlinear equation and the linear equation, for each fixed order of the
derivatives, will the ratios of the exact limits be the same? If yes, are there any indi-
cations about the existence of the global smooth solution to the nonlinear equation
with large initial function and large external force, for the case 0 < p < 1/27

Can we provide a more accurate weather forecast ahead of time? The math-
ematical study of the Cauchy problem for the two-dimensional dissipative quasi-
geostrophic equation may help a lot.

Another motivation: The elementary decay estimate with a sharp rate

C ¥ sup {tl/ﬂ // lu(x, t)|2dx} ., 0<C<oo,
t>0 R2

has been established very well. However, it is not explicit at all how the constant C'
depends on the initial function and the external force. Long time accurate numerical
simulations are of particular values in industry, engineering, national defence and
applied mathematics. The constant C' in the elementary decay estimate with a sharp
rate may be used to greatly improve the accuracy and stability of numerical schemes
of the two-dimensional dissipative quasi-geostrophic equation. The following exact
limit (which is to be accomplished)

t]i)m {t(2m+1)/P // (—A)mu(x,t)|2dx}
oo R2
1

i [ I esp(-2alaP)ay
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. {//R2 uo(x)dx+/ooo/R2 f(x,t)dxdt}Q,

for all constants m > 0, will help to determine the precise value of the constant C.

Another motivation of this paper is to study the influences of the physical mech-
anisms (represented by the diffusion coefficient «, the order p in the dissipation
(=A)P, the initial function ug, the external force f, the Jacobian determinan-
t J(u,(=A)"Y2u) and the order m of the derivative) on the exact limits for all
order derivatives of the global weak solutions, so that these results have positive
impacts on extremely long time numerical simulations.

The positive solutions to these problems definitely help us to better understand
the properties of the global weak solutions and hopefully to discover new special
structures. We will answer most of these important and interesting questions by us-
ing rigorous mathematical analysis. The study of the exact limits and the improved
decay estimates of the global weak solutions of the two-dimensional equation will
have positive influences on long time safe flight of airplanes and spacecrafts as well
as long time voyages under the oceans.

The main purposes: Let u = u(x,t) represent the global weak solutions of
the Cauchy problem for the two-dimensional dissipative quasi-geostrophic equation.
Let v = v(x,t) represent the global smooth solution of the Cauchy problem for the
corresponding linear equation. Note that the initial function and the external force
(uo, f) = (up(x), f(x,t)) in both problems are the same.

We will consider two main cases for the initial function and the external force.

The main purpose for Case 1 is to accomplish the following exact limits

lim {t(2m+1 /p// u(x,t)| dx}

t—o0 R2

lim { (2m+2)/p// (x,t) — v(x,1)]| dx}
t—00 R2

in terms of the constants «, p, m and some known integrals.

The main purpose for Case 2 is to accomplish the exact limits

lim { (2m+2) /p// u(x,t)| dx}

t—o00 R2

lim { (2m+2)//’// x t) —ou(x t)“ dX}
t—o00 R2

in terms of the constants a, p, m and some other known integrals.

Note that the rates of decay in the two cases are different.

The second purposes are to make use of the exact limits to accomplish the
improved decay estimates with sharp rates for all order derivatives of the global
weak solutions to the two-dimensional dissipative quasi-geostrophic equation. For
Case 1, we will prove the following improved decay estimates with sharp rates

t@m+/p // (x,8)|2dx < A;(m) + By (m)t~ 2720/,
R2

(2m2)/p / / w(x, £) — v(x, £)]2dx < Cx (m) + Ds (m)t~2=20)/,
R2
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for all constants m > 0 and for all sufficiently large ¢ > 1, where
Al (m)7 Bl (m), Cl (m)a Dl (m)

are positive constants, independent of ¢.
By improved decay estimates with sharp rates, we mean that not only the con-
stants

Ai(m),  Bi(m),  Ci(m),  Di(m)
are independent of ¢, but also these constants are independent of

(1) the integrals of any order derivatives of the initial function wuy,

(2) the integrals of any order derivatives of the external force f,

(3) the integrals of any order derivatives of the nonlinear function u?.

Can we find the best explicit representations for the constants in terms of some
known information?

For Case 2, we will prove the following improved decay estimates with sharp
rates

§2m+2)/p / / (=A™, 1) 2dx < As(m) + Ba(m)t=4=20)/r,
R2

e // [(=2) ™ u(x,t) — v(x,1)]|2dx < Ca(m) + Da(m)t=4=20)/7,
R2

for all constants m > 0 and for all sufficiently large ¢ > 1, where
AQ(m)7 BZ (m)7 CQ (m)a DQ (m)

are positive constants, independent of ¢.
By improved decay estimates with sharp rates, we mean that not only the con-
stants

Az(m),  Ba(m),  Ca(m),  Dz(m)
are independent t, but also these constants are independent of

(1) the integrals of any order derivatives of the functions ¢; and ¢o,

(2) the integrals of any order derivatives of the functions ¥; and s,
(3) the integrals of any order derivatives of the nonlinear function u2.
Can we find the best explicit representations for the constants in terms of some
known information?

The constants in the improved decay estimates with sharp rates for all order
derivatives of the global weak solutions to the two-dimensional dissipative quasi-
geostrophic equation are explicit enough so that the results have significant influence
on numerical simulations.

The main difficulties: Let the parameter 0 < p < 1/2. When the initial
function and the external force are large, the uniform energy estimates of any order
derivatives of the global weak solutions have been open. Therefore, the existence
and uniqueness of the global smooth solution u € C*°(R? x RT) have been open.
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For the main purposes of this paper, we need the existence of the global weak
solutions, which are also local smooth solutions on the unbounded interval (T, c0).
See Dabkowski [5]. Additionally, we will establish some new minor results: the
primary decay estimates with sharp rates for all order derivatives of the global
weak solutions on that interval.

The main technical difficulty for 0 < p < 1 is the mathematical analysis of the
following integrals

2

! NI
S [ exp [=alne= D] (i3 mdute /o dr| d,
R (1—e)t t —
2
t T —_
S [ exp [=almie = D] /@ a1/ o, ryar| an,
R? (1—e)t t

where N(u) = J(u, (—A)"Y?u). We will apply a few novel ideas to establish
optimal estimates for these integrals.

The main strategies: To accomplish the exact limits for all order derivatives
of the global weak solutions of the Cauchy problem for the two-dimensional dissipa-
tive quasi-geostrophic equation, we will use the following strategies. We will couple
together the Parseval’s identity, a few simple properties of the Fourier transforma-
tion, the representation of the Fourier transformation of the global weak solutions,
special structures of the nonlinear function .J(u, (—A)~'/?u), the interval decompo-
sition [0,¢] = [0, (1 —e)t] U[(1 — &)t, t], Lebesgue’s dominated convergence theorem,
a series of new estimates about the integrals

2
ml| [ Tl
JL | [ oo [~alPra = D] [ maue @m0 | ar| an
R2 (1—e)t —
2
t T —_— _
T [ exp[~alaPr = D)) /@0 Ko, ryar) dn,
R?2 (1—e)t

and the primary decay estimates with sharp rates for all order derivatives of the
global weak solutions on (T, 00).

Note that the Jacobian determinant J(u, (—A)~/?u) is a nonlocal term. There
exist special structures in J(u, (—A)~1/2u). The special structures may be revealed
clearly by using the Fourier transformation. We will make complete use of the
special structures to accomplish the main results.

We will make use of the primary decay results to establish optimal estimates
for these integrals. Then we will use the exact limits for all order derivatives of the
global weak solutions to obtain the best possible upper bounds, which depend only
on integrals of functions related to the initial function, integrals of functions related
to the external force and integrals of functions related to the nonlinear function u2.
The upper bound does not depend on the integrals of any order derivatives of these
functions.

It is worth mentioning that the exact limits play a very important role in es-
tablishing the improved decay estimates with sharp rates to make sure that the
constants are independent of the integrals of the derivatives of the initial function
and the derivatives of the global weak solutions.
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The main advances: One of the main technical advances is that we are able
to use the singular integral

17 2p\12
], L,
R2 a?[n]

to control the integrals

2

t
| [ exp [~alnPr = D] (1Y mdue V@1 dr|
~//]R2 (1—e)t [ ] Z
2
t T —_— _
JL | [ exp[~alaPe - D)) /@0 K20, ryar) dn,
R2 (1—e)t 3

for all constants 0 < § < 2p, 0 < e <1 and m > 0 and for all ¢ > 1.

The main advance is that we are able to represent the exact limits for all order
derivatives of the global weak solutions explicitly, in terms of the integrals of func-
tions related to the initial function, the integrals of functions related to the external
force and the integrals of the nonlinear function u2, rather than the integrals of the
derivatives of these functions.

1.3. The mathematical assumptions

We make the following mathematical assumptions for the two-dimensional incom-
pressible dissipative quasi-geostrophic equation. Let @« > 0,0 < < 2p, 0 <e <1
and 0 < p < 1 be positive constants. Let m > 0 be any real constant.
(A1) Suppose that the initial function and the external force satisfy the follow-
ing assumptions
up € C'(R?) N L'(R?) N L*(R?),
feC™®R* xRN LYR?* x RT) N LY(RT, L*(R?)),

//R2 up(x)dx + /OOO/RQ f(x,t)dxdt # 0.

Suppose that there exists the following limit*

2
i e [ oo
RQ

for all constants m > 0.
(A2) Suppose that the initial function and the external force satisfy the condi-
tions

such that

up € CH(R?) N LY (R?) N L*(R?),

*Here is a slightly weaker condition

2
sup {eim /2 [ o)™ fx pfax} <o,
RZ

t>0

for all constants m > 0.
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f e C®R? xRN LYR? x RT) N LY(RT, L?(R?)).
Suppose that there exist real scalar smooth functions

¢1 € C3(R?*) N L (R?), o1 € C=(R? x RY) N LY (R? x RT),
¢z € C3(R?*) N LY (R?), 1y € C=(R? x RY) N L} (R? x RT),

such that

W) = 0100 + 5 a(x), FOt) = 5L t) + 5 va(x,)

for all (x,t) € R? x RT.
Suppose that there exist the following limits?

e )|

for all constants m > 0.
(A3) Suppose that there exists a unique global smooth solution

we L*RY, H*™(R?),  (=A)Pue LX(RT, H*™(R?)),
u € C*(R? x RT),

if 1/2 < p <1, and if the initial function and the external force satisfy

ug € C1(R?) N H?™(R?),
f € C®R? xRY)N LYRY, L*(R?)) N L*(RT, H*™(R?)).

Suppose that there exists a global weak solution
ue LR, L2(R?),  (—A)2ue L2(RY, L3(R?)),
if 0 < p < 1/2, and if the initial function and the external force satisfy

ug € L*(R?), f e LY(RT, L*(R?)).

(A4) Suppose that the global weak solutions become small enough and suffi-

ciently smooth after a long time. That is, there exists a sufficiently large

positive

constant T > 1, such that the global weak solutions of the Cauchy problem for the

two-dimensional dissipative quasi-geostrophic equation satisfy

sup{/ |(— u(x,t)] dx}<oo7

t>T R2

/ // [(= )™ P 2 (x, 1) [2dxdt < oo,
T R2

THere are slightly weaker conditions

2
sup{ t(m+2)/” // [(=2A) ™ g (x t)|dx] } < o0,
t>0

for all constants m > 0.
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for all constants m > 0.
(A5) Suppose that there holds the following representation for the Fourier trans-
formation of the global weak solutions

ﬂ(f t) = exp(—al¢[*t)io(¢)

+ [ exp[—al€*(t — 7)]f(€,7)dr
0

‘/0 expl—al€[**(t — )N (u) (€, 7)dr

for all (¢,t) € R? x R*, where N (u) = J(u, (—A)~?u).
(A6) Suppose that there holds the following elementary decay estimate with a

sharp rate
sup {tl/” // lu(x, t)|2dx} < 00.
>0 R2

Remark 1.1. Suppose that either assumption (Al) or assumption (A2), but not
both, holds.

Remark 1.2. The above decay rate is sharp, only if

//R2 uo(X)dx—F/OOO/RQ f(x,t)dxdt # 0.

The decay rate may be improved under additional conditions on the initial function
and the external force.

For the existence of the global smooth solution or the global weak solution and
the elementary decay results of the global weak solutions, see Constantin and Wu [3],
Dabkowski [5], Dong [6], Ju [11]- [12], Kiselev, Nazarov and Volberg [13], Maria E.
Schonbek and Tomas P. Schonbek [17]. The assumptions (A1), (A2), (A3), (A4),
(A5), (A6) are made based on these results.

1.4. The main results

There are three parts in the results.

Part A: The exact limits for all order derivatives of the global weak so-
lutions of the two-dimensional incompressible dissipative quasi-geostrophic
equation.

In each case, we will state the exact limits for all order derivatives of the glob-
al weak solutions. We may use the global smooth solution of the corresponding
linear equation to approximate the global weak solutions of the two-dimensional
dissipative quasi-geostrophic equation.

To make the statements of the exact limits simple and clear, let us define the
following notations

1
27r) // In|*" 2 exp(—2an|*”)dn,

{//}R up(x dx—&—/o /W f(x7t)dxdt}2,
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/R2 ¢k(x)dx+/000/R2 1/Jk(X7t)dth}2,
/ G /0 h / B wk(x,t)dxdt}2
EE / //R \AI a(\t |2d/\dt}2,
o ] aosaraa)

where

T A
x = er?, g=|")er, aA=|"']er2
Yy 72 A2

Theorem 1.1. For Case 1, there hold the following exact limits for all order deriva-
tives of the global weak solutions of the two-dimensional dissipative quasi-geostrophic
equation

lim {t<2m+1>/P/ (- (x, 1) dx} —I(m—1/2)J
RZ

t—o00

for all constants m > 0.

Theorem 1.2. For Case 2, there hold the following exact limits for all order deriva-
tives of the global weak solutions

1
H +(2m+2)/p —
thm { /R2 |(— u(x,t)] dx} 2I(m)IC,

for all constants m > 0.

Theorem 1.3. For both cases, there hold the following exact limits for all order
derivatives of the global weak solutions

im { ¢(2m+2)/p —AN)"[u(x,t) — v(x,t)][2dx :} m
i {e2 200 [ (80 fut ) - o, ]Fax = T0m)c,

t—o0

for all constants m > 0.

Theorem 1.4. The ratio of the exact limits of the global weak solutions of the two-
dimensional dissipative quasi-geostrophic equation is the same as the ratio of the
exact limits of the global smooth solution of the corresponding linear equation, for
each fized constant m. For Case 2%, there hold

{tlim [t<2m+2p+2>/ﬂ / |(A)m+Pu(x,t)|2dxH
— 00

/ {)E& [t“’"“ v / / |(=2)™u(x, )] dx}}

fFor simplicity, we will focus on Case 2 and skip Case 1.
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=4 lim |¢®m+2e+2)/p |(—A)m+"v(x t)[2dx
t— o0 ’

/ {JH& [t(%‘“ I’ / / |(=0)™o(x,1)] dx}}
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(2m+2)(2m+p+2
(2ap)? ’
and
{tlggo t(2m+4p+2)/p/ A)m+2‘)u(x, t)|2dx} }
/ {tgrgo 2m+2 )/ p // | X t)‘2dX
RQ
o e o)

2m+2)(2m+p+2 2m+2p+2)(2m+3p+2)
(2ap)* ’

for all constants m > 0. Moreover

{hm e | IO (x,wv(x,tm?dxﬂ
t—o00 R2

(2m+2)/p _ 2
thggot JL et - i) dx}}

{hm t(2m+2”+2)/”/ A)"”+”v(x,t)2dx]}
t—o0
{ lim t(2m+2 /”// |(— v(x t)QdX] }

t—o0

2m+2)(2m+p+2

/

/

(2ap)? ’
and
{thm t(2m+4”+2)/’)/ (=)™ 2P [u(x, t) — v(x, t)]|2dx} }
—00
1(2m+2)/p _ 2
 {am [ [ 1-amuin - v oliax| |
{ lim t(2m+4p+2 /p/ |(— )m+2"v(x, t)|2dx} }
t—o0 R2
$(2m+2)/p
o o oasored)

2m+2)(2m+p+2 (2m+2p+2)(2m+3p+2)
(2ap)* ’

for all constants m > 0.
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Part B: The primary decay estimates and the improved decay es-
timates with sharp rates for all order derivatives of the global weak
solutions.

Here are the primary decay estimates with sharp rates for all constants m > 0
and for all sufficiently large ¢t > 1. Note that the rates of decay in the two cases
are different.

Theorem 1.5. For Case 1, there hold the following primary decay estimates with
sharp rates for all order derivatives of the global weak solutions

sup {t(zmﬂ)/p/ [(— u(x,t)| dx} < 00,
t>T R2

for all constants m > 0, where T > 1 is a sufficiently large positive constant, it is
the same constant as in (A4).

Theorem 1.6. For Case 2, there hold the following primary decay estimates with
sharp rates for all order derivatives of the global weak solutions

sup {t(2m+2)/”/ [(— u(x,t)] dx} < o0,
t>T R2

for all constants m > 0.

Here are the improved decay estimates with sharp rates for all constants m > 0
and for all sufficiently large ¢t > 1.

To make the statements of the improved decay estimates with sharp rates of the
two-dimensional dissipative quasi-geostrophic equation simple and clear, first of all,
let us define the following notations

o) = { [ oo}

- e

o { [ [ o]

Ba(m) = Jim {[t“ﬂ“w s xt>|dx]2},

Tm) = oz [ [, 1 exo(=2a0n)dn
(e o]

1_ 2p\12
// exg —aen|**)] .
(2m)2 J Jg2 a2|n|2+28

In this paper, we will use Cy = Cy(m) > 0 to represent any positive constant,
which is independent of («, p), (d,¢), (ug, f), u and (x,t). Then let us define the
following quantities

Al(m) = Al(a767gapa m)




The Exact Limits and Improved Decay Estimates 161

 5z(0n ~ 1/2) {Eaun) + LT,

Bl(m) = 81(017(576,,0, m)

110Gy (m)S {Ea(m — p+ (14 6)/2) + T(=1/2)T(m — p+ (14 6)/2)T°}

Cl( ) = Cl(av(svevpvm)

def 2Z(m 1/2){5(2]3’2%}’

Dl (m) = Dl (Oé, 6) €, P, m)

C 20y (m)S {T(=1/2)T(m — p+ (1+6)/2)T°} .

Theorem 1.7. For Case 1, there hold the following improved decay estimates with
sharp rates for all order derivatives of the global weak solutions

t(2m+1>/p/ (=)™, £)[2dx < A (m) + By (m)t— 22010,
RQ

t 2m+2)/p/ [(=A) ™ u(x,t) — v(x, t)]|2dx < Ci(m)+ Dy (m)ﬁ_(z_z”)/p7
RZ

for all positive constants 0 < § < 2p and 0 < e < 1, for all constants m > 0 and for
all sufficiently large t > 1.

Let us define the following notations

F (o) = Z {1 u0lx)
{/ I s asar}.

{/ [ o]
F4<m>=ggo{ o [ -oramaned] |

1
T — 4m+2 —9 2p d
(m) = Gz [, 11" exp(—2alaf*)dn,

K= 22: {/]R2 or(x)dx + /OO/]R2 7,ZJ;€(X,1f)dxdt}2

=1

+i{% [ I, gymoopas}

k=1

// [1— ex123 a€|77|2p)]2dn‘
2n)2 | Jge a?|n|2t20

Then let us define the following quantities
A2(m) = AQ(aa (57 &, P, m)
e F F
0 52m) {Fy(uo) + DO,

c@mt2)/p
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BQ(m) B (a 5 &P m)

E10CH(m)S {Fa(m+1—p+6/2) + Z(0)T(m + 1 — p+35/2)K?},
C2(m) = Co(ev,0,¢,p,m)

e F3(u)

d_f 2I(m {5(272_"_2)”},

D2(m) DQ(a76a57p7 m)
C 20y (m)S {Z(0)Z(m + 1 — p+5/2)k?} .

Theorem 1.8. For Case 2, there hold the following improved decay estimates with
sharp rates for all order derivatives of the global weak solutions

2m+2>/f'/ (- (x,)|2dx < Aa(m) + By(m)t—4=20)/p,

R2

t 2m+2)/"/ [(=2A)™u(x,t) — v(x, t)]|2dx < Ca(m) + Dg(m)t_(4_2p)/p,
RQ

for all positive constants 0 < § < 2p and 0 < e < 1, for all constants m > 0 and for
all sufficiently large t > 1.

Part C: The linear results - The exact limits for all order derivatives
of the global smooth solution of the linear equation.

Theorem 1.9. For Case 1, there hold the following exact limits for all order deriva-
tives of the global smooth solutions

s 0 o) 2

{tlim t(2m+2p+1)/p/ | )erpv(X,t)QdX]}
oo R2

/@ﬂ ““@ﬁ\ m»ﬂ}

_2@m+1)@2m+p+1)
(4ap)? ’

{tli)m t(2m+4p+1)/P/ | )m+2pU(X’ t)|2dX:| }
oo R2

/@ﬂ(““@ﬁ‘ waH

22m+1D)2m+p+1)2m+2p+ 1)(2m +3p+1)
(4ap)* '

Theorem 1.10. For Case 2, there hold the following exact limits for all order
derivatives of the global smooth solutions

1
. (2m+2)/p m _ -
th_glo {t // |(— (x,1)] dx} 2I(m)/C0,

{tli)m |:t(2m+2p+2)/p/ |(—A)m+”v(x,t)2dx]}
) R2
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/ {lim t@m+2)/p // v(x,t)] dx]}
t—o00 R2

_2emt2)@mtp+2)
(4ap)?

{tliglo t(2m+4p+2)/p // m+2ﬂv(x’ t)|2dx}}
R2
/ {tlim t@m+2)/p // v(x t)2dx]}
—00

2(2m +2)2m+p+2)(2m+2p+2)(2m+ 3p + 2)
(dap)*

The proofs of the results are given in Section 2. There are many important
and interesting remarks on the main results. They are listed in Subsection 3.2
(Remarks).

2. The Mathematical Analysis and the Proofs of the
Main Results

The main purposes of this section are to accomplish the exact limits and the im-
proved decay estimates with sharp rates for all order derivatives of the global weak
solutions of the two-dimensional incompressible dissipative quasi-geostrophic equa-
tion. The main difficulties are that the existence and uniqueness of the global
smooth solution are unknown, if 0 < p < 1/2 and if the initial function and the
external force are large. There exists no available uniform energy estimates for any
order derivatives. To overcome the main difficulties, we will make use of the special
structure and the semi-explicit representations of the Fourier transformations of the
global weak solutions, to establish the primary decay estimates with sharp rates for
all order derivatives on the interval (T, 00), where T' > 1 is a sufficiently large
positive constant. Then we will couple together existing ideas, existing results and
a few novel ideas to accomplish the exact limits and the improved decay estimates
with sharp rates.

If there exists a unique global smooth solution to the Cauchy problem for the
two-dimensional incompressible dissipative quasi-geostropic equation, then the en-
ergy [[ge [(—A)™u(x,t)[>dx is finite, for all rn > 0 and for all ¢ > 0. If there exists a
global weak solution, then the energy [[o, [(—4A)™u(x,t)|*dx is finite, for all m > 0
for all sufficiently large ¢ > T'. It is unknown if it is equal to infinity at some finite
time 0 <t < T.

Let a >0,0< 60 <2p,0<e<1and0 < p <1 be positive constants. Let
m > 0 and k > 0 be real constants.

As mentioned in Section 1, we will consider two main cases. Let us quickly
review the two cases before we make the rigorous mathematical analysis.

Case 1: Suppose that the initial function and the external force satisfy
ug € C1(R?) N L' (R?) N L?*(R?),
feC®R? x RY)N LYR?* x RT) N LY(RT, L*(R?)),
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//R2 up(x)dx + /OOO/R2 f(x,t)dxdt # 0.

Case 2: Suppose that the initial function and the external force satisfy
up € CH(R?) N LY (R?) N L*(R?),
feC®R? xRY)N LY (R?* x RT) N LY(RT, L3(R?)).

such that

Suppose that there exist real scalar smooth functions
¢1 € C32(R*) N LY (R?), ¢ € C®(R? x RY) N LY(R? x RT),
$2 € C3H(R?) N LY (R?), 1 € C®(R? x RY) N LY (R? x RT),
such that
0 0 0] 0
up(x) = %fi)l(x) + a*y@(x)a f(x,t) = %1/)1(&15) + %wZ(Xv t),

for all (x,t) € R? x RT.
Performing the Fourier transformation to these functions leads to

2 2
k=1 k=1

Applying the change of variables = t'/(2P) ¢, we have

1/ 2o)g (t—l/(2P — I{an¢k (t~ 1/(2p) )}

k=1
£1/@0) f(¢=1/@ely 1) {Z'ﬂk'l/}k (t=/ 20, t)}
k=1

for all (n,t) € R? x RT.
Let the real vectors

A2 72
As usual, we define
A= (P4 eY20 Il = (ml? + )2

Let us define the notation A ® n by

A
)\@ﬂ:det L :)\1772—)\2771.

A2 12
Let us do some basic preparations before the rigorous analysis. To further
simplify the notations in the mathematical analysis, let us define

0
Riu = %(—A)_lﬂu, Rou = —(—=A0) "2,

9
dy
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We will write the interval [0,¢] as [0, (1 — e)t] U [(1 — e)t,¢], where 0 < ¢ <
1. The treatments of the Fourier transformation of J(u,(—A)~'/2u) on different
subintervals will be very different. Note that
0o 0

(=) 2y — a—ua—(—A)_l/%
Y X

B AR SV QR PPN e vE
= 5 {uay( A) u} oy {uax( A) up.

J(u, (=0) ) =
That is

Now the Fourier transformation

N(u)(€, 1) = i€ uRou(€, t) — i&xuRyu(é, t).

By the definition of the Fourier transformation and the Parseval’s identity, we have
—— i\ =
uRju(&, t) a(A+ & 0)u(A, t)dA,
27T R2 |>\|
uRou(€,t) / / Az 220N+ &, D)a(A, t)dA.
2 T @2m)2 S Jee A
Now the Fourier transformation

N6t = s [, 2520+ & 070,00,

for all (¢,t) € R? x RT. Moreover, there holds the following elementary estimate

N@)En| <lel [ fuxnPdx,
-

for all (¢,t) € R? x RT. Making the change of variables n = t'/(2P)¢, we have

751/<2p> N@)(E= @0y, 1)

_ // AON G\ 1 4=1/@00y 1Ya(A, 7)d),
27T R2 |)\‘

for all (n,t) € R x RY, where 7 € [(1 —¢)t,t] and 0 < & < 1.

2.1. The elementary estimates: Case 1

Let the positive constants 0 < § < 2p and 0 < € < 1, let the constant m > 0. First
of all, we will establish a series of elementary estimates for Case 1.

Lemma 2.1. There hold the following elementary estimates:

(1)
2
J L it fesp(=alnyao(e /o) an
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< [[ 1t esat-2alaPryan{ [ |U0(X)|dx}2~

(2)
(1—e)t 1~ 2
JL i [ exp [—alae = D)) Fe /@0 ryar| ag
R? 0 t
oo 2
< [ espi-zacunian{ [ [[ 1sexniaxar)
R2 0 R2
(3)
(1—e)t - - 2
S| [T exp [~alne (1= 3] /o0 Ay e /@0, ryar | ag
R? 0 t
00 2
< [[ it expi-zactiiand [ [[ uxopaxar}
R2 0 R2
(4)
. 2
// | [ exp[alaPr - D)) Fe @ ryar dy
R2 (1—e)t 3
[1 — exp(—ae[n|*")]?
<C —(2-2p)/p // d
< Co(m 2 a2 |n|2+20 n
2
sup {T(2m+3+5—29)/(2/?) // I(_A)m_p+(1+6)/2f(x7T)|dX} .
(1—e)t<r<t R2
(5)
. 2
T —_
J R A R | B G R T I
[1 — exp(—ae[n[*>")]?
< Co(m)t™ (2—2p)/p // d
o(m) - 2|22 n
. sup {Tl/”/ |u(x,7)|2dx}
(1—e)t<r<t R2
sup {T(2m+3+6_2”)/p/ |(—A)m+1_”+5/2u(x,T)|2dx}.
(1—e)t<r<t R?
These estimates are true for all constants m > 0 and for all t > 0.
Proof. The proof of the lemma is skipped. O

Lemma 2.2. Define the following complex auxiliary functions

Av(n, 1) = exp(—aln|* Yo (¢ 1/ )

Uo
t
+/ exp{ aln)?* (1 %} t_l/ 20)y) ,7)dr
0



The Exact Limits and Improved Decay Estimates 167

t T —_— _
= [ exp [~alnPra - D)) Mue /ey, ryar,
0
T (1, t) = exp(—aln|* )it~/ ")n)

(1—e)t =R
[ e [alPra - )] Fe/eon,rar
0
(1—e)t . o
[ e[l - D) M ey, rar,
0
for all (n,t) € R?2 x RT. Then there holds the following estimate
[ asotan = [ i okay
R2 R2
<[] im0 =i 0P

1/2 1/2
+2{// ™D (. 1) an} {// A (. 1) n(n,t)Fdn} ,

for all positive constants 0 < § <2p and 0 < e < 1, for all m > 0 and for all t > 0.
Proof. Note that

A t) — Ta(n. 1) = /(

1—e)t

t

T\ 7/,—
exp [—aln(1 = 2)| ft=/ )y, r)dr

t —_—
~ [ e [alPra - )] Mue /ey, ryar,

(1—e)t

and

‘Al(nat)|2 - |F1(777t>|2
= [As(n,t) = T1(n, t)|* + 2 Re [(A1(n, ) — T1(n,t))T1(n, 1)].

Now we have

L npan— [ e opan
= [ miasn e - i)y

+2Re / [ It 8. 2) = T, 0T, 2k

By using the Cauchy-Schwartz’s inequality, we have the estimate

‘2 Re [[ Il 8ao.0) - Ty 0T >dn]

1/2 1/2
<2{/ [ (¢ |dn} { i - i )|2d77} .

Overall, we have finished the proof of the estimate

\ [ wemiasonopan— [ |n4m|r1<n,t>|2dn1
R2 R2
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= //R "™ A1 (n,t) = Tr(n, 1) Pdn
1/2 12
+ 2 {/]R2 |n4m|F1(Ti,t)I2dn} {/R2 |n|4m|A1(77,t) — Fl(nat)|2d77} .

The proof of the lemma is completed. O

2.2. The elementary estimates: Case 2

Let the positive constants 0 < § < 2p and 0 < & < 1, let the constant m > 0. First
of all, we will establish a series of elementary estimates for Case 2.

Lemma 2.3. There hold the following elementary estimates:

(1)
2
// [n|*™ |exp(—aln|*) lZn (1) )] dn
R2
2 2
/ 9|2 exp(—2aln|*) dn{ZU |¢k(X)IdX] }
k=1 L/ /R?
(2
(1-e)t 2 2
am _ 2001 T : > —1/(2p)
L [ e [atuea - 7)) [%nkwm pw)] ar| dn
2 fo%e) 2
Am+2 2ae|n|?)d [ ,1)d dt] :
< [ = exp(—2ac n{g/ [ ity }
(3)
(1—e)t - /\ 2
S| [ exp [alne (1= T /o0 Ay e/ ryar | an
R2 0 t
o) 2
4m—+2 _ 2 2
< [[[ sz exp-2actrian{ [ [[ uoxopaxac
%)
t ’ 2 N 2
S /M exp [~al(1 - )] li;nwk(t”@p)nﬁ)] ar| d

1 — exp(—ae|n|?*)]?
4—2
< Co(m)t=¢ p)/p{//RQ s

2
. Z sup {(Qm%” 20)/ 2p)/ |(— )m+1p+5/2wk(x,r)|dx] .
= (1—e)t<r<t R2
(5)
2
dn

//R Ul

t —_—
/( exp [—aln2(1 = T)] /N (w) (/2. 7)dr

1—e)t
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[1 — exp(—aen|*")]?
< Co(m)t™ (4=2p)/p // d
o(m) - 2|22 UG

: sup {7'2/9/ |u(x, T>|2dX}
(l—e)t<r<t R2

sup {T(2m+4+6—2p)/p/ |(—A)m+1_p+5/2u(x,T)|2dx} )
R2

(1—e)t<r<t
These estimates are true for all constants m > 0 and for all t > 0.
Proof. The proof of the lemma is skipped.

Lemma 2.4. Define the following complex auxiliary functions

2
Aa(n,t) = exp(—aln|*) [ianak(t‘”‘Qp)n)]

2
—aln*(1 - %)} [iZka(tl/(zp)n,T)] dr

t

k=1

+/ exp{

0
t —_—

- /0 exp |—aln(1 = 2] /N (w) (/). r)dr

and

2
Ty(n,t) = exp(—aln|*?) [iancgk(t‘”@”)n)]
k=1

(1—e)t ’ 2 N
+/ exp {*0477\%(1 - ;)} lianwk(t”(zmn,ﬂ] dr
0 k=1

(1—e)t o
- /O exp [—aln* (1 = )| 1/ CON ()=, 7)ar,

for all (n,t) € R? x RY. Then there holds the following estimate

[ tiaatotan = [ aitisookay

<[] st = Pt P

2{ [ wmieano an}m{ J[L it 18a0.0) = ot

for all positive constants 0 < § <2p and 0 < e < 1, for all m > 0 and for all t > 0.

Proof. The proof is very similar to that of Lemma 2.2. The details are skipped.

2.3. The comprehensive analysis: Case 1

O

The main purposes of this subsection are to make use of the elementary estimates
for Case 1 and the representation of the Fourier transformation of the global weak
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solutions to establish optimal estimates for ¢(2m+1)/r JJgz (=)™ u(x, t)[*dx and
tEmED/p [ [(—A)™[u(x,t) — v(x,t)]|?dx. These estimates will play very impor-
tant roles when we accomplish the primary decay estimates and the improved decay
estimates with sharp rates for all order derivatives of the global weak solutions of
the two-dimensional dissipative quasi-geostrophic equation.

Lemma 2.5. For Case 1, there holds the following optimal estimate

t<2m+1>/P/ [(—A)™u(x, t)|2dx
Rz

2
= 2m)? ) e eXP(QOéIﬂQ”)dn{/R2 |U0(X)dx}
o0 2
+ 72 // ‘77|4m exp(_2a€|77|2p)d77 {/ // |f(x,t)|dxdt}
St_l/p/ [0+ exp(—2az[n*)dn {/ / lu(x, t)] dxdt}

L 5Co(m) (250, // (1~ exp(—acln))? |
(2m)? R a?|n|>+20

2
sup {T<2m+3+62p>/<2p> J [ s x|
3

(1—e)t<r<t

L 5Co(m) (320, // [1 — exp( ozE|77\2”)]2d77
(2m)? R a?|n|?>+20

. sup {Tl/p/ |U(X,T)|2dx}
(1—e)t<r<t R2

. sup {T(2m+3+6—2ﬂ)/P // |(_A)m+1—p+6/2u(x,T)|2dx} :
(1—e)t<r<t R2

for all positive constants 0 < § < 2p and 0 < € < 1, for all m > 0 and for all
(sufficiently large) t > 0.

Proof. Let N(u) = J(u,(—A)"'2u). First of all, recall that there holds the
following representation for the Fourier transformation of the global weak solutions:

At~ %0, t) = exp(—aln|*)io ¢~/ )

t
T 2,
+ [ exp [~alue(1 = )] Fe /e ryar
0

t _—
- [ ew [-alue( - )] Ao, ryar,
0

for all (n,t) € RZ x R*.

By coupling together the Parseval’s identity, a simple property of the Fourier
transformation, the change of variables n = t'/(P)¢, so that |n|* = |£|?’t and
dn = t'/Pd¢, the representation of the Fourier transformation a(t~'/(2#)y, t) of the
global weak solutions, the elementary estimates in Subsection 2.1, we have the
following computations and estimates

e [[ - aymax pax
R2
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(2m+1)/
—/ " (e, 1) 2de

a0, 1) dy

- G // ™ [exp(—atnl??)iao (/%)

t
+ | e[l - D] Fem/0n r)dr
0

2

t T —_— _
- [ e [—a|n|2"<1—;>] )t/ ey, r)ar|
1 ~
7 // 7 (a2 Yo 1~/ #)

T ~
o [ e [l - D fe ey, ydr

(=)

[ e [Fabie - D) AT e e
0

+

t

[ e [-alura - )] e /e, ryar
(1—e)t

2

/ exp [~alnl* (1= 1) M)~ /@0y, r)dr| dy

20va (1=1/20) 3 |
exp(—alnf*)io(t /)|

5 4 (et 2p 7ra—1/( 2p)
m - 1-
+ o / [ | [ e [—alnfea = D) Fm /o ryar

2
dn

2

(1—e)t .
(2m)2 " —alyl?r(1— T —1/(2p)
e )2/R2 7] /0 exp[ aln|*(1 t)] N (u)(t n,7)dr| dn
t 2
0 T v, —
/ exXp [_04|77|2/(1_;)} (=Y @y rydr| dn
(1—e)t
4 i 5 Tl Jom) 2
* oz //R 7] /(16)texp[ aln|*(1 t)} N (u)(t n,7)dr| dn

2
= (2m)2 ) Jge [ exp(—2a|n2p)dn{/R2 Iuo(x)dx}
o0 2
+ e // In|*™ exp(—2ae|n|*?)dn {/ // |f(x,t)|dxdt}
5t—1/p/ [n[*™*+2 exp(—2ae(n|**) dn{/ / lu(x,t)] dxdt}

L 5Co(m) (350, // [1 — exp(—ae(n[>*)]? a
(2m)? R2 a?|n|>+20
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2
sup {T(2m+3+52p)/(2p) //2 (=)ot 2 p(x, T)|dx}
R

(1—e)t<r<t

L 5Co(m) (3207, // [1 — exp( aEInP”)]zCh7
(2m)? R? a?|n|2+20

. sup {Tl/p// |u(x,7')|2dx}
(1—e)t<r<t R?

sup {T(2m+3+52p)/p / |(7A)m+17p+5/2u(x, T)|2dx} ,
(1—e)t<r<t R2

for all positive constants 0 < § < 2p and 0 < e < 1, for all m > 0 and ¢t > 0. The
proof of the lemma is finished now. O

Lemma 2.6. There holds the following optimal estimate

t(2m+2)/”/ [(— u(x,t) — v(x, t)]2dx
R2

2
2 m oo
< W/ || 4m+2 exp(—2a5|n|2p)dn{/0 /R2 lu(x, t)|2dxdt}
200( 2Co(m) ,—(2-2), // [1 — exp( a8|n|2p)]2dn
(2m)? R2 a2|n|2+20
. sup {Tl/p/ |U(X,7‘)|2dx}
(1—e)t<r<t R2

. sup {T(2m+3+62p)/p // |(—A)m+1p+5/2u(x,7)|2dx} ;
(1—e)t<r<t R2

for all positive constants 0 < 6 < 2p and 0 < e <1, for allm >0 and t > 0, where
Co = Co(m) > 0 is a positive constant, independent of («, p), (6,€), (uo, f), u and

(x,1).

Proof. Recall that there holds the following representation for the Fourier trans-
formation of u — v:

t —_—
(e 0) = 1 6) = — [ exp [aluPr (1 - D) Aa) 7/ ryar,
0

for all (n,t) € R? x RT. The main ideas and the main steps of the proof are the
same. For the completeness of this paper, we will give all the details. By coupling
together the Parseval’s identity, a simple property of the Fourier transformation, the
change of variables n = t'/(2P)¢, the representation of the Fourier transformation
A=Y@y t) — 5(t=Y/ 2Py t) and the elementary estimates in Subsection 2.1, we
have the following computations and estimates

+(2m+2)/p / 8 (=)™ u(x, t) — v(x, t)]|2dx

(2m—+2)/
t ’ // e ae. 1) — a(e. H[Pde

Ja= @y, ¢) — ot~ @0y, 1)) [2dn
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2

i [ | [ e [alaa = ] e/ e 0o - an

oz L

(1—e)t
| e [alufea = D) 00RO, rar

2
¥ / exp [~alnf??(1 — )] /30 KF(u) (6= @, 7)dr | dy
(1—e)t
2
(1—e)t
[ | [ e [alufea = D) /0RO |
2
t —_—
ol [ exp [~alaPru - D) 0/ a0y, e dy
R2 (1—e)t

2 00 2
e // |74 T2 exp(—2ae|n|*)dn {/0 //R2 lu(x, t)|2dxdt}
. 2Cy(m t (2—2p)/p [1 — exp( a€|77|2’))]2d

(2m)? o2 aZ[y[2+20 n

- sup {Tl/f)/ |u(x,7)|2dx}

(I—e)t<r<t R2

sup {T(2m+3+6—2p)/p/ |(_A)m+1—p+6/2u(x’ 7')|2dx} ,
R2

(1—e)t<r<t

for all positive constants 0 < § < 2p and 0 < e < 1, for all m > 0 and ¢t > 0. The
proof of the lemma is finished now. O

2.4. The comprehensive analysis: Case 2

The main purposes of this subsection are to make use of the elementary estimates
for Case 2 and the representation of the Fourier transformation of the global weak
solutions to establish optimal estimates for t2m+2)/e [, |(—A)™u(x,t)[>dx and
t@mED/e [ [(—A)™u(x, ) — v(x,t)]|?dx. These estimates will play very impor-
tant roles when we accomplish the primary decay estimates and the improved decay
estimates with sharp rates for all order derivatives of the global weak solutions of
the two-dimensional dissipative quasi-geostrophic equation.

Lemma 2.7. For Case 2, there holds the following optimal estimate

(2m+2 /p/ | X t)|2dX
R2

< G In[*™*2 exp(—2aln|*) d”{ [ | (x Idx} }
=/ > [/ o
5 4m—+2 2 o 2
+ W/W In|*" 2 exp(—2ae|n|**) dn{ / / . wk(x,t)|dxdt} }
L 4m—+2 . 2p { 5 }
+ (27)2 //R2 Il exp(—2ae|n|*”)dn /0 // lu(x, ¢)[2dxdt
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4 5C0(m) (129, // [1 — exp( as|n|2p)]2d77
(2m ) R? a?n[>+20
2
. sup Z |: (2m+6+5—2p)/(2p) // m+17p+6/2wk(x’ T)|dX:|
(1— a)t<‘r<t e R2

4 5C0(m) 120/, // [1 — exp(—ae|n|**)]? a
(2m)? R2 a?|n|>+20

. sup {7'2/'”/ |u(x,7)|2dx}
(1—e)t<r<t R2

sup {T(2m+4+62p)/p/ |(_A)m+lfp+6/2u(x’ T)|2dx} ,
R2

(1—e)t<r<t

for all positive constants 0 < 6 < 2p and 0 < e <1, for allm >0 and t > 0.

Proof. As before, let N(u) = J(u,(=A)"2u). For Case 2, there holds the
following representation for the Fourier transformation of the global weak solutions:

2
£1/COG( /Gy, 1) = i exp(~aln|*) {Z nkw-l/@mn)}

t
+i/ eXP{ alnl*(1 } {Z’?Wk (t=1/@y )}dT
0
t
= [ e [=alufr - D] /AT e, ra,
0

for all (n,t) € R? x RT.
We have the following computations and estimates

75(2m+2)/p/ | m X t)‘ dx
R2

(2m+2)/p
- t— / €t (e, 1) Pde

_ Am11/(2p)5+—1/(2p) 2
= — t t t)|“d
(27’(’)2 /]R2 |77| | ’LL( m )| n

2
exp(—aln|**) [ianEk(t”@”)n)]

|4m

n
RQ

t
+/ exp[ aln*(1 - = } [ anz/)k 1/(2”)77,7')1 dr
0
2
dn

t
_ / exp[ C“|77|2p( t)] tl/(2p)N( )t~ 1/(2p) 7, 7)dT

2
// In|*™ exp(—a|n|*?) [Iankt 1/(2e) )]

k=1

(1—e)t 2
+/ exp[ aln|? (1 } [1277;4% (t=1/(20) 7')] dr
0

k=1
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(1—e)t
— /0 exp [—a|77|2f’(1 t)} tl/(2p)N‘( ) (¢ 1/(2p) 7)dr

! NI
+/( exp {—a|n\2”(1—¥)} 1anwk(t Y@y 1y | dr
k=1

1—e)t
2

t
7— —
= [ e [alnPra - D) /e K0, ar| ay
(1—e)t
2
exp(—aln[*) [an@« SR )] dn
(1—e)t 2
— am 2p(1 - = 1/(20)p)
+ (2)2 //R2 l /0 exp{ aln|**(1 } [ Zﬁkiﬁk (t~ )] dr| dn
(1—e)t 2
+ (2 )2/ n[*™ / exp [_Oé|77‘2p(1 t)] tl/(zp)J\/( )t~ 1/(2p)77 7)dr| dn
R? 0
2
t
+7/ 4m/ ex o 2‘) —1/(2p) ,7)| dr| d
e e p[-ahl - D) an’“ ) 7
2
t T —_— _
ol [ exp[—alaPr - D) /e @0, e
(1—e)t

< o / 9™+ exp(—2aln ) dn{
k=

[/ [1es |dx]}
+ g [ it exp(=2aela) dn{ > 2|wk<x,t>|dxdt]2}
@2 // In|*™ 2 exp(—2ae|n|*?) dn{/ // uxtldxdt}

500( 2C0(m), —(a-2p)/p // [1 — exp(—ae|n|**)]? i
(2m)? R? a?|n|2+20

2 2
- { sup [T@m%*“m/@m / 2|<—A>m“ﬂ”%k(x,rndx}}
k=1 R

(1—-e)t<r<t

4 5Co(m) 420/, // [1 — exp( 0é<€|77|2”)]2d17
(2m)? R a?|n|?+20

. sup {72/”/ u(X,T)de}
(1—e)t<r<t R2

. sup {T(2m+4+62p)/p // |(7A)m+17p+6/2u(x7 T)|2dX} 7
(1—e)t<r<t R?

w,_.

for all positive constants 0 < § < 2p and 0 < € < 1, for all m > 0 and ¢t > 0. The
proof of the lemma is finished now. O



176 L. Zhang

Lemma 2.8. There holds the following optimal estimate

{2m+2)/p / (=)™ [u(x, t) — v(x, )][2dx
R2

[eS) 2
< Tﬂ 3 / In|4m+2exp(—2aa|nl2”)dn{ / / |u(x,t)|2dxdt}
0 R2
+ 2Co(m) 220N 4= (4=2p)/ // [1 — exp( oze|77|2f’)]2d77
(2m)? B2 a2|n[2+20
. sup {T%/ |u(x,7)|2dx}
(I—e)t<r<t R2

sup {T(2m+4+(5—2p)/p/ |(_Ayn-l—l—p-‘,—(S/QU(X7 T)|2dX} ,
R2

(1—e)t<r<t

for all positive constants 0 < 6 < 2p and 0 < e < 1, for allm >0 and t > 0, where
Coy = Co(m) > 0 is positive constant, independent of (a, p), (0,¢€), (uo, f), u and

(x,1).

Proof. Recall that there holds the following representation for the Fourier trans-
formation of u — v:

t
(e 0) — ¢, 0) =~ [ exp [~alnf(1 -
0

for all (n,t) € R? x R*.

By coupling together the Parseval’s identity, a simple property of the Fourier
transformation, the change of variables n = t'/(2P)¢ so that |n|* = |£|?’t and
dn = t'/Pd¢, the representation of the Fourier transformation ¢/ (22) [@(t=1/(2r)y )~
o(t=1/ Py 1)] of the global weak solutions, the elementary estimates in Subsection
2.2, we have the following computations and estimates

{2m+2)/p / (=AY [u(x, t) — v(x, )][2dx
RZ

(2m+2)/
:t p// €1 fa(e, 1) — B, 1)|Pdg

- G / e L N R G

D N/, rydr,

2
T // | [ xp (a1 = ] /0 @) /20,y
(1—e)t
[ exp [—aln (1= )] @0 ¢ @0, ryar
2
+ / exp[ afnf??(1 — )] 1O R (= 0, 7)dr|
(1—e)t t
(1—e)t 2
|77|4’"/ exp |—aln[*(1 - )} £/ CON () (70, 7)dr | dn
2
o // nf / exp [=aln (1= D) /0N ) ¢ . ryar|
7T 1—¢)
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[e%e] 2
< ooy / ol exp(-2aclaPyan { [ [] jut o Paxar}
0 R
2Co( —(4—2p)/ // [1 — exp( a5|n|2ﬁ)]2d77
(2m)? R2 a?|n|2+20
. sup {7'2/"/ |u(x,7’)|2dx}
(1—e)t<r<t R2

sup {T(2m+4+52p)/p/ |(—A)m+1*p+5/2u(x, 7')|2dx} ,
R2

(1—e)t<r<t

for all positive constants 0 < § < 2p and 0 < e < 1, for all m > 0 and ¢t > 0. The
proof of the lemma is finished now. O

2.5. The primary decay estimates with sharp rates

The main purposes of this subsection are to establish the primary decay estimates
with sharp rates for both cases. The main idea is to apply the estimates obtained
in the comprehensive analysis and the iteration technique. These primary decay
estimates will be used to accomplish the exact limits.

Let the positive constants 0 < 6 < 2p and 0 < € < 1, let the real constants
m >0 and k > 0.

Recall that there holds the elementary decay estimate with a sharp rate

sup {tl/p/ lu(x, t)|2dx} < 0.
>0 R2

Also recall that there hold the following uniform estimates

sup {/ [(— u(x t)|2dx} < 00,
t>T R2

for all constants m > 0.
The Proof of Theorem 1.5: Multiplying the inequality in Lemma 2.5 by
t=%/P we have

2m+1 /{)/p/ | X t)|2dX
R2

5t k/p
o [t esst-2alPan { [ Juatx |dx}

5t—f€/p . ) 2

S [ it ess-2actaprian{ [T [ s laxar)
—(1+x)/p
/ [n|*™*2 exp(—2ae|n|*’) dn{/ / |u(x,t)] dxdt}

+ 500( ) (2+r—2p)/p // [1 — exp(—aelp[**)? dn

(2m)?2 R2 a2|n|2+20

2

. sup { (2m+3+6—2p)/(2p) // )™= p+(149) /Qf(x,r)dx}

(1—e)t<r<t R2

500( ) (34520 /p // [1 — exp(—as|n|?’)]? a

(277) R2 a2[n[2+20
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. sup {Tl/”/ |u(x, T)|2dX}
(1—e)t<r<t R?

sup {T(2m+3+5—2p)/p/ ‘(_A)m-',-l—,()-i-(S/Q,U/(X7 T)|2dX} ,
R2

(1—e)t<r<t

for all positive constants 0 < § < 2p and 0 < e < 1, for all m > 0 and ¢t > 0. The
positive constant Cy = Co(m) > 0 is independent of («, p), (,¢), (uo, f), (X,t), u
and K.

Let us iterate the above procedure for a finite number of times, so that each time
the decay rate increases (1—4)/p. Without loss of generality, we may make § slightly
smaller by letting 0 < § < min{1, 2p}. This way we may establish the primary decay
estimates with sharp rates for each fixed positive constant m > 0. Precisely, let 7;
be the rate of decay we obtain if we let kK = x;, where i = 1,2,3,--- | M, and M is
a finite positive integer. We have the following iteration process

k=K1 =2m+0, T1=17_67
p

k=ke=(2m+ ) — (1 —9), TQZM,

p
K= r3 = (2m +06) — 2(1 — 5), ry = 219

p
K=Ky = (2m+9)—3(1—-9), 7“424(1/)_5),
b=k = @m0 — (M —1)(1—0), 1oy = ML=

p

If there exists a positive integer M > 1, such that

M1—§:2m+1’
p p

then we have finished the proof of Theorem 1.5.
If there exists a positive integer M > 1, such that
1-6 2m+1 1-9

M—" < < (M +1)—,
p p

then letting ka1 = 0, we get rar41 = (2m +1)/p.
The primary decay estimates with sharp rates for all order derivatives of the
global weak solutions have been finished now, for Case 1.

Remark 2.1. By Theorem 1.5, Case 1, there holds the estimate

sup {t<2m+1>/P/ =8)mulx, t)|2dx} < 00,
R

t>T

for all constants m > 0. Therefore, we have

sup {tl/” // |u(x,t)|2dx} < 00,
t>T R2
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sup {t(zm-s-3+6—2ﬂ)/"/ |(_A)m+1—p+5/2u(x7 t)|2dx} < o0,
RQ

t>T

for all constants 0 < § < 2p and m > 0. Now

sup { 1/p/ lu(x, 7)] dx} < 00,
(1—e)t<r<t

sup { (2m+3+6— 2p)/p// m+1_p+6/2u(x,7)|2dx} < oo,
(1—e)t<r<t R?

for all constants 0 < § < 2p, 0 < e < 1 and m > 0, and for all (1 —¢e)t > T.
Therefore, we have

/ In|*™
R2

for all constants 0 < § < 2p, 0 < e <1and m >0, and for all (1—¢)t >T.

2
dn < Co(m)t—(=20)/p,

t
[ e [malPra - D] e/ CORTa) Y @y, 7)
(1—e)t t

The Proof of Theorem 1.6: We have the following computations and esti-
mates

¢(2m+2) /P/ [(—2)™u(x, t)dx
R2
7j.(2m+2)/p i
- S [ et o

am41/(20) 7 (4-1/(20) ) 4)(2
- t t #)|2d
(%)2 /R2 || u( n,t)|*dn

- [l

¢ Tl o~
+/ exp [—Ol|77|2p(1—;)} llank(t 1/(2")7777)] dr

0 k=1
2
dn

2
exp(—aln|*”) lian%(t‘”@p)n)]
k=1

—/Otexp [—04|77|2p(1 )} £1/20) N () (¢~ 1/ @), 1)dr

"™
RZ

2
exp(—aln|*) [ianAﬁk(t”@p’n)]
k=1

(1—e)t - 2 N
/ exp [~alnl? (= D] [i 3 mn(e G ) | dr
k=1

(1—e)t —
exp [—aln[* (1 = 2)] £/ N ()= @, )

2
11 ~
exp {—0477\2’)(1 - ;)} lIanwk(t 1/(2’))77,7)] dr
h=1
2

t
— / exp {—a|n|2p(1 )} tl/(QP)N( )(t—l/(Qp) 7| dy
(

|77|4m dn

exp(—aln|*) [ank (1) )]
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2

(1—e)t - 2 R
+ﬁ/ |77|4’”/ exp [—aln* (1 - 7)] [iZwk@—”@mn,ﬂ] dr| dn
@ e, 2
2
T _
b [ | [ e [abie - D] e T mar | an
(2m)? ) Jre 0 t
2
/( exp 04|77|2p1—}[277k¢k AR )]dT dn
1—
2
o / | [ e [calara = 3] /0 a6,y a
(2 ) R2 1—e)t

] ot |dx]}
[ |wkxt|dxdt]}
e o[ [ o]

500( 2C0(m), —(4-2p)/p // [1 — exp(—ac|n|**)]? i
(2m)? R? a?[n|#20

2 2
: {Z sup [7(2’"%”_2”)/(2")/ 2|(_A)m+1_p+5/2wk(X,T)|dx} }
R

iy (1—e)t<r<t

4 5C0(m) ,—(22p)/p // (1~ exp(—ael)* |
(2m)? R? a?|n[>+20

: sup {Tl/”/ U(X,T)de}
(1—e)t<r<t R?

. sup {T(2m+3+5_2”)/p// |(—A)m+1_”+5/2u(x,T)|2dx}
(1—e)t<r<t R2

<C,

exp(—2aln|*”) dn{
k=

m»—n

exp(—2ae|n|*) dn{

for all constants 0 < § < 2p, 0 < e < 1, m > 0 and for all sufficiently large ¢ > 0.
The proof of Theorem 1.6 is finished now. (]

Remark 2.2. By Theorem 1.6, there holds the estimate

sup {t@m”)/p/ [(— u(x,1)] dx} < 00,
t>T R2

for all constants m > 0. Therefore, we have

sup {tz/p/ |u(x,t)2dx} < 00,
t>T R2

sup {t(2m+4+52”)/”/ |(7A)m+1*p+5/2u(x, t)|2dx} < o0,
t>T R2



The Exact Limits and Improved Decay Estimates 181

for all constants 0 < § < 2p and for all m > 0. Now

sup {7'2/p // lu(x, T)|2dX} < 00,
(1—e)t<r<t R2

sup {T(2m+4+6_2”)/” // |(—A)m+1_p+6/2u(x,T)|2dx} < 0,
]RQ

(1—e)t<r<t

for all constants 0 < § < 2p, 0 < e < 1 and m > 0, and for all (1 —¢&)t > T.
Therefore, we have

[,
]R2

for all constants 0 < § < 2p, 0 < e <1and m >0, and for all (1 —¢)t >T.

2

[ e[l = D] /@R @) )| dn < Colmy 42002,

t
(1-¢)

2.6. The fundamental limits

Now we are ready to make use of the elementary estimates and the primary decay
estimates to establish several fundamental limits for the global weak solutions of the
two-dimensional dissipative quasi-geostropic equation. Let the positive constants
0<d<2pand 0 < e < 1. Let the constant m > 0 and let n € R2.

Observation. Note that

// i || *™ exp(—2aln|*)dn

R2

/ / B nl ™ exp(—2aln[2)dn
RQ

1

! / / 772 exp(—2afn[2?)dn,

2 /) Je

and
// mnz|n|*™ exp(—2a|n|**)dn = 0.
R

Therefore

exp(—2aln|*)dn

2 2 2
Z apng +1i Z bk

k=1 k=1

4m
JLm

2
1 m
=5 3otat 1) [[ | exp(—2alnr)an,
k=1

for all constants a > 0, 0 < p < 1, a; € R, b; € R and m > 0. First of all, let us
compute a few limits closely related to the Fourier transformation of the Jacobian
determinant J(u, (—A)~Y2u), as t — oo.

Lemma 2.9. There holds the following limit

. — 1 AON
1/(2p) 1/(2p) _ 2
lim {t N (u)(t T],T)} @) / /R Y (A, 7)[7dA,

t—o00

for all (n,t) € R? x RY.



182 L. Zhang

Proof. Recall that the Jacobian determinant is

9 2 -1/2, Y Y Ay-1/2
oz ay( A) b ay“ax( A) b

AN (AN TSV I G PPN S
= 5 {uay( A) u} 9y {uax( VAY Al TR

Hence the Fourier transformation

J(u, (=) ) =

N ()&, 1) = ia@@ 1) — i€y uRyu(, t)
_ 152 )\2§1A =
-~ //R A+ & (N, )d),

for all (§,t) € R? x RT, where

— i\ _
aRu(E, t) % //R LG+ &, 0T B,

_ i\ _
WRau(e. ) =~z / / 2500+ €, ).

Making the change of variables = t!/(2P) ¢ we have

—_— A —
/G0 N (@) (/2P p, 1) // O+ 471/C0 y YEO, 7)d,
27T R2 |)\|

for all (n,7) € R? x R*.
The limit follows from the Lebesgue’s dominated convergence theorem. The
proof of the lemma is finished now. O

Lemma 2.10. There holds the following limit

t—o00

AON
= 20) a(\, t)[2ddt
— exp(—aln] {27? I Asao.o)

Proof. The limit follows from Lebesgue’s dominated convergence theorem and
the result of Lemma 2.9. O

(1—e)t
hm{— [ e [aira - D] i )(t_l/(zf))n,f)df}

Lemma 2.11. For Case 1, there holds the following limit

t_l/(2p)77)

. - 2\
Jim {exp(—aln|*)io(
(1-2) A
[ e [alPra - )] Fe /oo, rar
0

(1—e)t /_\
- / exp [—alnl*(1 - 3)] N(u)(tl/@mw)dr}

—esp(-al){ [ wotiaxs [ [] focoaxar).
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For Case 2, there holds the following limit

2
. o 2p : - —1/(2p)
tlggo {exp( aln|*?) [IZ%%@ 77)]

(1—e)t
+/ exp[ aln* (1 } [an% —HCoy )] dr
0

(1—e)t o
- / exp [—aln*(1- 1) tl/@pw(u)(t-l/@mn,T>df}
0

— exp(—aln|*?) {iink [ / / orldx + / N / [ it t)dxdt}
o / //]R Af;'” >\t|2d>\dt}

Proof: The proof follows from Lebesgue’s dominated convergence theorem, the
continuity of the Fourier transformations and the estimates in Lemma 2.1. The
details are omitted. (]

Lemma 2.12. For Case 1, there holds the following limit

Jim {// 0" |exp(—aln|*)iao ¢~/ 7))
— 00 R2

(1—e)t P .
[ e [alr (- D] Fe e rydr
0
2

(1—e)t o
~ [ e[l - )] e e e dn
0

= [ it expl=2alnP)ar { J[ mtoax | N f(x,t>dxdt}2.

For Case 2, there holds the following limit
2
: 4m _ 20\ | &b (+—1/(2p)
lim { J [ i exp=al >[12nmk<t n)]
(1—e)t
+/ eXp[ aln|**(1 } anﬁ;: =1/ Gy 1) | dr
0

2

(1—e)t .
~ [ e [alnr - )] /AT ¢ @ | d
0

1
=5 [ 2 exp(-2aln)ay
R2

| {i [ s [ ]
2 { / //sz /\t|d/\dtr}-
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Proof: The proof follows from Lebesgue’s dominated convergence theorem, the
estimates in Lemma 2.1 and Lemma 2.3, and the limits in Lemma 2.11. O

Lemma 2.13. For Case 1, there holds the following limit

lim {// |n\4m
t—o00 R2

- /us)texp[ aln* (1 %)] N(u)(t= @y, r)dr

/1 o el = D] fe o nar

2
dn p =0.

For Case 2, there holds the following limit

' 2
lim // n|*m / exp |—aln|* (1 — i ﬁkizk til/(Qp)n,T dr
t— 00 { R2 ‘ | (lfa)t |: | | ( t):| ]; ( )

2
i
= [ e [-aluf( - D] /N0y, r)ar
(1—e)t

dn p =0.

Proof: The proof follows from the estimates in Remark 2.1 and Remark 2.2.
The details are omitted. O

Lemma 2.14. For Case 1, there hold the following limits

4m
g [

+ [ e [t - D] Fu oo, sar
0

exp(—an[**)do (¢t~ P)n)

t T —_—
~ [ exp[alur (- )] K20, rar
0

= tim {0l exp(=alaP)o(e 0
—00 R2

(1—e)t 71~
[ e [alr (- D] Fe e rydr
0

2
dn}

2

(1_5) —
- [ e [alnPr = D)) M@ rar| a

// In[*"™ exp(—2a|n|**)d {// ug(x dx+/ /szxtdxdt}.

For Case 2, there hold the following limits

lim {// |,r}|47n
t—o00 R2

+/Otexp[ aln(1 - 7)) [Zwk (Ve >] dr

2
exp(—aln|*) [iznkak(t‘”@”)n)}
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2
dn}

2
exp(—aln|*) lianfEk(t—l/(%)]
k=1

t
_ / exp {*04|17|2p(1 t)] tl/(2P)N( )t 1/(2p) ,7)dr
0

I T 4m
~m { [

(1—e)t . 2 N
+ / exp [—Ol|77|2p(1 - E)] liZﬂkZ/Jk(t_l/@p)ﬂaT)] dr
0 k=1

2

(1—e)t —
— / exp [—a|n|2”(1 — %)} tl/(QP)N(u)(t_l/@p)n,T)dT dn
0

1 m
_1 / [l exp(—2aln]?*)dy

[ vonse [ [ s o]
+§3[2w L L “"“‘“H'

k=1

Proof: The proof follows from the squeeze theorem, the limits in Lemma 2.12
and Lemma 2.13, and the estimates in Lemma 2.1, Lemma 2.2, Lemma 2.3 and
Lemma 2.4. The details are omitted. (I

The Proof of Theorem 1.9: By using the explicit representation of the Fourier
transformation

0t~ 1) = exp(—aln[* Yot~/ *n)

t
T ~
+ [ exp [=alnf( - )] Fie /ey, ryar,
0

and the ideas in this subsection, we can finish the computations of the exact limits
easily. There hold the following identities

{ [ o2 exp-2atue)an |
R2
P exa-2atieyan

_2m+2)2m+p+2)
(20p)? ’

/ [+ o (- 2anl2p)dn}

{
/{ S 2 exp(-2alnan

2m+2)2m+p+2)2m+20+2)2m+3p+2)
(2ap)* ’

for all positive constants a > 0 and p > 0, for all m > 0. By using these identities,
the ratios of the exact limits are not difficult to compute. The proof is finished. [J
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The Proof of Theorem 1.10: There holds the following representation for
the Fourier transformation of the global smooth solution of (1.3)-(1.4):

1/ @2o)g (t~ 1/(2p) 1) = exp( am|2p [an@ 1/(29),])]

t
+/0 eXp[ O“77|29(1_7] [Z%W =1/ Cely, T)] dr,

for all (n,t) € R? x RT. The details are very similar to those of Theorem 1.9 and
they are omltted. O

2.7. The exact limits

The main purposes of this subsection are to make complete use of the fundamental
limits to accomplish the exact limits for all order derivatives of the global weak
solutions of the two-dimensional dissipative quasi-geostrophic equation. For Case
1, we will prove the exact limit

1tli}m {t(Qm+1 /p/ |(— u(x,t)| dx}
oo R2

1 m
=y [, 1 expl—2alalr)an

. {//R uo(x)dx+/ooo/R2 f(x,t)dxdt}Q.

For Case 2, we will prove the following exact limit

tlggo {t<2m+2>/ﬂ / |(—A)mu(x,t)|2dx}
Rz

27T // [ "2 exp(—2aln|*)dn
- {21 [/R2 dr(x dx+/ /R21/)k X t)dth}

k
2 2
+;{ / //R2\A| At|dAdt}}.
For both cases, we will prove the limit
i {eeme2ie ]t - v ) Pax
= 5 L I expl—2aln) s

{ el [Lwe ““dkdﬂ
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Recall that u = u(x, t) represents the global weak solutions of the two-dimensional
dissipative quasi-geostrophic equation, v = v(x,t) represents the global smooth so-
lution of the corresponding linear equation. Note that the initial functions for the
two problems are the same, the external forces are the same as well.

The Proof of Theorem 1.1: By coupling together the Parseval’s identity,
a simple property of the Fourier transformation, the simple change of variables
n = tY/(P¢ so that |n[* = |£>°t and dn = t!/PdE, the representation of the
Fourier transformation @(t~1/(2?) 1), the elementary estimates in Lemma 2.1 and
the fundamental limits, we have the following computations

)LH;{ emrore [ [ 1=8) g ) dx}
- LI}}O{W /L. |€4m|a(§,t)l2d§}
:tlimo{ 27)? / | ™ a1 2o, b)) dn}
= Jim {(%)2 //R | ’exp(—aIWIZP)ﬁ(](t‘l/(2P>n)

t
T -
+ [ oo [~alnPr(a - )] Fie/eom,ryar
0
2
dn}

T 1 4m 2p\7> (+—1/(2p)
= tin ot [ eso(-aln a0

(1—e)t .
+/ exp [—aln?(1 = T)| e~y r)dr
0

t —_—
= [ e [l = D AT, ar

2

(1—e)t
- [ e [apea = D] N e mar] ay

— aoe [ ep-2aiian{ [ wopiax [T ] f<x,t>dxdt}2'

The Proof of Theorem 1.2: There are several subtle differences between the
main steps of the proof of Theorem 1.1 and the proof of Theorem 1.2. We give the
details of the proof of Theorem 1.2 for the completeness of the paper. We have the
following computations

lim {t<2m+2>/ﬂ / [(—A)™u(x t)|2dx}
t—o00 R2

((2m+2)/p

e / emlae, t>|2ds}

/ e/ 2020 ) |

(2717)2 //11&2 In|*™ |exp(—aln|?) liZngk(tl/@P)n)]

= lim
t—o00

I
3
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t
+/ exp[ alnl**( 1—7} [ZUUJ% —1/@e)y )] dr
0
- / exp {—alnlz”(l—;)} Y CON (u) (= 0y, rydr dn}
0
4m 2p 1/(2p)
Hw{ 557 |, 1 [explaln) [an (- 77)1
(1—e)t ) _1e
+/ exp[@|77|p1—*] Z%W /Con,7) | dr
0
(1—e)t )
— — P 1—
| e [aea -]
— oz [ I exo(-2aln)
(2m)% J Jp2
2 oS}
[// ¢k(x)dx+/ / ¢k(x,t)dxdt}
R2 0 R2
2
/ // AON 5o\ 1)[2drde
27T R2 |)\|

dn
= 72/ n[*"*2 exp(—2aln|*”)dn

{ 1[/Rz¢’“ dx*/ /szkxtdxdt}
+i{2ﬂ / //sz “IdAdtr}.

k=1

2

)} YO N () (1= @)y 1)dr| dn

The Proof of Theorem 1.3: The main ideas and the main steps of the proof
of Theorem 1.3 are the same as those of Theorem 1.1. For the completeness of this
paper, we give all the details here. We have the following computations

tin {ee2/e [0t 0 - ot 0)FPax |

t—o0

t(2m+2)/P

/ €[4 (e, £) — D&, 1) da}

|
]

a1/ o g 1) — <t—1/<2p>n,tm2dn}

|
g

[ e [atnra = D] /0O R0, e

2

dn}
2

dn}

(1—e)t —
[ e o= )] /@0y g oy

[ [ o] )

k=1

— 4m
= Jlim 3 52 // I

= Sz J [ 101+ exp(=200n2 ). {

o
(e
-
(=

= %I(m)ﬁ.



The Exact Limits and Improved Decay Estimates 189

The Proof of Theorem 1.4: To prove the ratios, let us make the change of
variables ¢ = (2a)'/P)y). Then |¢|?* = 2a|n|?* and d¢ = (2a)'/?dn. Moreover, we
have

/ 9] +2 exp(—2an|?)dn = (2a) =G+ / IC[*+2 exp(—[¢[*)dC,
R2 R2

for all positive constants o > 0 and p > 0, for all m > 0. Let us differentiate the
above equation with respect to «, twice and four times, respectively, to get

4[] i exp(—2aln)ay
R2

2 2 2 2
= 4(20) 2 Cmp 22 (1 mt ) S et esaieyac

4 2m+2 2m + 2 m

and
16 [[ Il 42 exp(~2aln**)dn
R2

2m + 2 2m + 2 2m + 2 2m + 2
= 16(2a) -2/ mp+ (H mﬂ+ ><2+ mp+ )(3+ mp+ )

[ 1erm e exp=eyag

16 2m +2 2, + 2 2m + 2 2m + 2
_ 16 (1+ >(2+ )(3+ )
(2a)*  p p p p

[ i o)
R

Now we get the basic ratios

{// | 4P T2 exp(—2an|**) dn} {// |2 exp( 20477|2”)d77}

C@m+2)(@m+p+2)
a (2ap)? ’

LI sz exoizalapryan  { [ i exo-2alaPe)an |

_ @Cm+2)2m+p+2)2m+2p+2)(2m+3p+ 2)
(2ap)* '

and

2.8. The improved decay estimates with sharp rates

The main purposes of this subsection are to make complete use of the comprehensive
analysis and the exact limits for all order derivatives of the global weak solutions to
accomplish the improved decay estimates with sharp rates for all order derivatives
of the global weak solutions of the two-dimensional incompressible dissipative quasi-
geostrophic equation.
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The Proof of Theorem 1.7: Recall that there hold the following estimates

and

t(2m+1)/p/ (- u(x, t)|?dx
R2

exp(-2apin{ [[ uatiax}
i ex(2aclayin{ [ [[ 1o oiaxar)
t 1/p // |74 T2 exp(—2ae|n|*) dn{/ // lu(x,t)| 2dxdt}

500( 5Co(m) ,—(2-2p)/, // [1 — exp(—ae[n|*"))? a
(2m)? R a?|n|?+29

2
sup_ fremsssmznien [[ (a0 o, njax)
R

(1—e)t<r<t

L 5C0(m) (3207, // [1 — exp( aEIn\Q’J)]an
(2m)? R2 a?|n|>+2

- sup { 1/”/ lu(x, )] dx}
(1—e)t<r<t

. sup { (2m—+3+5—2p)/p // m+1—p+5/2u(x,7_)|2dx})
(1—e)t<r<t R2

+(2m+2)/p / 5 |(= ) [u(x, ) — v(x, t)]|*dx

2 [e%s} 2
@2 // |n]4™F2 exp(—2ae|n|*)dn {/ // lu(x, t)|2dxdt}
7T 0 R2
200( —(2-2p)/ // [1 — exp( ag|n|2p)]2dn
(277) R2 a2|n|2+26
. sup {Tl/p/ |u(x,7’)|2dx}
(1—-e)t<r<t R2

sup {T(2m+3+62p)/p/ |(—A)m+1*p+5/2u(x, 7')|2dx} ’
R2

(1—e)t<r<t

for all positive constants 0 < § < 2pand 0 <e <1, forallm>0andt>T.
To improve the decay estimates, we must control the following three quantities

2
sup {T(2m+3+529)/(2ﬂ)/ |(A)mp+(1+5)/2f(x,T)dX} ,
(1—e)t<r<t R

sup {Tl/p/ lu(x, T)|2dx} ,
(1—e)t<r<t R2

sup {T(2m+3+52”)/p/ (A)m+lp+5/2u(x,7)|2dx} .
(1—e)t<r<t R2
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Recall that there hold the following exact limits

lma{ﬂm+““([42uAV%ﬂxJﬂdx}z—EMOn»

t—o0

and

i {0 [ sy opax} = Zom - 1/2)9.

t—o00

for all constants m > 0, where

1 m
Z(m) = W //R’z |77|4 2 exp(—2a|77\2p)d777

J = {//R2 uo(x)dx—k/ooo/]R2 f(x,t)dxdt}z.

By using the squeeze theorem, we have the following limits

t—00 (1—e)t<r<t

2
lim { sup {T(2m+3+52p)/(2p)/ |(—A)’”’%H(H‘;)/Zf(x7 T)|dX:| }
R2
=Es(m—p+(1+6)/2),

and

lim { sup {Tl/” // |u(x, T)|2dX:|} =7(-1/2)7J,
=00 | (1—e)t<r<t R2

lim { sup {T(2m+3+5_2p)/”/ \(—A)m+1_p+§/2u(x, 7')|2dX:|}
R2

=00 | (1—e)t<r<t
=I(m—-p+(1+9)/2)T,

for all positive constants 0 < § < 2p and 0 < € < 1, for all m > 0.
Therefore, there exists a sufficiently large positive constant 7' > 1, such that

2
sup {T<2m+3+62p>/<2p) / 2|(—A)mP+(1+5)/2f(x,7-)|dx}
R

(1—e)t<r<t
<2E4(m—p+(1+46)/2),

and

s fo [ JuxnPax < 211729

(1—e)t<r<t

sup {T(2m+3+6—2p)/p/ |(_A)m+1—p+6/2u(x’ T)|2dX}
R2

(1—e)t<r<t

<2T(m—p+ (1+6)/2)J,

for all positive constants 0 < § < 2pand 0 <e < 1,forallm>0andt>T.
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Now by coupling together the estimates in the comprehensive analysis and all
of the above estimates, we have finished the proof of the improved decay estimates
with sharp rates

e [[ (- 8)mue, ) Pdx < A (m) + Bi (220,
RQ
{2m2)/p / (=)™ [u(x, ) — v(x, )] Pdx < C1 (m) + Dy (m)t= =20/,
RQ

for all order derivatives of the global weak solutions of the two-dimensional in-
compressible dissipative quasi-geostrophic equation. The proof of Theorem 1.7 is

finished now. U
The Proof of Theorem 1.8: Recall that there hold the following estimates
t(2m+2)/l?/ (- u(x,t |2dX
R2

[ 1o }
+ (2%)2/]1@ [n[*™*+2 exp(—2ae(n|**) dn{ /0 / |r(x,t) ldxdt} }
+ %// [l eXp(—Qaflnlz”)dn{/o /R2 |U(X7t>|2dth}

)]

n 5Co(m t (4—2p)/ // [1 — exp(—aeln|* 2d
(2)? ke a2y 7

2
{( I e | |<—A>m+1p+5/2¢k<xm>|dx}}
R2

1—e)t<r<t

|42 exp(—2an|*) dn{
k=

l\))—t

MM

k=1

4 5C(m) —asp)/ // [1 - exp(—aclP) |
(27T) R? a?[p|*+20

. sup { 2/'”/ lu(x, 7)| dx}
(1—e)t<r<t

. sup { (2m+44+56—2p)/p // m+17p+6/2u(x, 7‘)|2dx},
(1—e)t<r<t R2

and

£(2042) /”/ |(— u(x,t) — v(x,t)]?dx
R2

[e%s) 2
o ] |n|4m+2exp<—2as|n|2ﬂ>dn{ [ [ x|
71' 0 R2
200( 200(m) a2/, // [1 — exp( aEInP”)Pd77
(2m R? a?|n|>+20
. sup {7'2/‘)/ |u(x,7)|2dx}
(1—e)t<r<t R2

. sup {T(2m+4+62p)/p // |(7A)m+17p+6/2u(x’ T)|2dX} ;
(1—e)t<r<t R2

<
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for all positive constants 0 < <2pand 0 <e <1, forallm>0andt>T.
To improve these decay estimates, we will make complete use of the exact limits
in Assumption (A1) and Theorem 1.1 to replace

2 2
Z{ sup [T(2m+6+52p)/(2m/ . |(—A)m+1p+5/2¢k(xm)dx} }7
R

=1 (1—e)t<r<t

sup { 2/p/ lu(x, 7)| dx}
(1—e)t<r<t

sup { (2m+4+5— 2p)/p// m+1p+6/2u(x77_)|2dx}'
(1—e)t R2

Recall that there hold the following exact limits

2
A 2 { (/e / / (- mwkxmdx} =Fa(m),
tlgrolo {tQ/p/ |u(x,t)|2dx} =Z(0)K,

Jim { (em+2)/p / (=)™ u(x, )] dx} — Z(m)K,
R2

t—o00

and

for all positive constants 0 < § < 2p and 0 < € < 1, for all m > 0, where

1 m
T(m) = gz [ [ 1+ exp(=2aln)dn

K=>" {/R br(x)dx + /M/Rz br(x, t)dxdt}2

k=1

+§2:1{27T / //mle' )\t2d>\dt}2.

Now there exist the limits

2 2
lim Z {( sup [T(2m+6+5_2”)/(2”)/ \(—A)m+1_p+5/2wk(x, T)|de| }
R2

t—o0 e 1—e)t<r<t

and

lim {  sup {72/0 / |u(x,7‘)|2dx} — Z(0)K,
t=00 | (1—e)t<r<t R2

lim sup |:7_(2’m+4+5—2p)/p/ ‘(_A)’m-i-l—,(J-l—(S/Q,U/(X7 T)|2dX:|
=00 | (1—e)t<r<t R2

=ZI(m+1—-p+06/2)K

for all positive constants 0 < § < 2p and 0 < € < 1, for all m > 0.
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Therefore, there exists a sufficiently large positive constant 7' > 1, such that

2

2
sup {T(2m+6+52’))/(2p) //2 (=)ot 2y (x, T)|dx}
R

oy (1—e)t<r<t

<2Fy(m+1—p+5/2),

and

sup {7'2/p/ |u(x,7)|2dx} < 2Z(0)K,
R2

(1—e)t<r<t
sup {T(2m+4+62p)/p // |(7A)m+17”+5/2u(x, T|2dX}
(1—e)t<r<t R2
<2I(m+1-p+46/2)K
for all positive constants 0 < § < 2p and 0 < e < 1, for all m > 0 and ¢ > 0.

Therefore, by coupling together all of the above estimates, we have finished the
proof of the improved decay estimates with sharp rates

HeEmn e / |(— )™, £)Pdx < Ag(m) + By(m)t= =20/,
R2
t Zm”)/p/ (=)™ ux, £) — v(x, D] [2dx < Ca(m) + Da(m)t= =20/,
RQ

for all order derivatives of the global weak solutions and for all sufficiently large .
The proof of Theorem 1.8 is finished now. O
Note that there hold the following relationships

/ |4 +2 exp(—2aen[2)dy = e~ @m+2)/p / 9] 4™+ exp(—2aln|**)dn,

// [1 — exp(zacn) , ~_ (ae ‘5/"// [1 —exp(=[n*)” |
e T e P

for all positive constants a > 0,0 < d < 2p and 0 < & < 1, for all m > 0.

3. Conclusion and Remarks

3.1. Summary

Consider the Cauchy problem for the two-dimensional incompressible dissipative
quasi-geostrophic equation

0 o —-1/2,y _
ottt (=) ut T (u, (= 0) 7 Pu) = f(x,1),

u(x,0) = ug(x).

In the system, u = u(x,t) represents the temperature of the fluid, the Jacobian
determinant J(u, (—A)~'/2u) is defined by

0 g( A)_l/gu—gug(—A)_l/gu.

_ 1/2
T, (=08)7 ) = Az Oy Oy Ox
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The operators

g(_g)flﬂ and
X

d
—(=A)"Y2
ay( )

represent the Riesz transformations in R?. Moreover, the real vector valued function

represents the velocity of the fluid. Note that V - F = 0. Therefore, the fluid is
incompressible.
Also consider the Cauchy problem for the corresponding linear equation

Do ta(-ayv= [,

v(x,0) = up(x).

We have studied the following two main cases.
Case 1: Suppose that the initial function and the external force satisfy the
following conditions
up € C*(R?) N L' (R?) N L*(R?),
feC®R? xR NLYR? x RT) N LY(RT, L?(R?)),

//]R2 to(x)dx + /OOO / - f(x, t)dxdt # 0.

Case 2: Suppose that the initial function and the external force satisfy the
following conditions

such that

up € CH(R?) N LY (R?) N L*(R?),
feC®R? xR NLYR? x RT) N LY(RT, L?(R?)).

Suppose that there exist real scalar smooth functions

¢1 € C2(R) N LY(R?), ¢ € C®°(R* x RY) N LY(R? x RT),
$2 € C3H(R?*) N LY (R?), ¢y € C®(R? x RY) N LY (R? x RT),

such that
0 0 0 0
U0<X) = %d)l(X) + aiy(bz(X)) f(xa t) = %wl(xa t) + waQ(Xat)

For Case 1, we have accomplished the exact limits

lim {t@m“)/”/ [(=L) ™ u(x, t)|2dx}
RQ

t—o0

1
ar [ I exp(-2alaP)ay
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. {//R2 uo(x)dx+/ooo/R2 f(x,t)dxdt}Q,

for all constants m > 0.
For Case 2, we have accomplished the exact limits

tl_i)m {t<2m+2>/ﬂ / |(—A)mu(x,t)|2dx}
(e o] ]R2

sy [, 1 exn(—2alnl)an
- { 1[/R2¢k dX+/ /szk Xt)dth}

! {zw L “"Mdtr}’

k=1

for all constants m > 0.
For both cases, we have accomplished the exact limits

; (2m+2)/p _
Jim {t /RQ\ (%, 1) — v(x, )] dx}

= s [ I expl=2aln i
{ { / //R il At|2dAdtr},

for all constants m > 0.
Moreover, for Case 1, we have accomplished the following improved decay esti-
mates with sharp rates

e [[ (=) ue, ) Pdx < As(m) + B (220,
R2

2m+2>/ﬂ/ |(— u(x,t) — v(x,t)]|?dx < Cy(m) + Dy (m)t= =207,
R2

for all order derivatives of the global weak solutions and for all sufficiently large
t> 1.

For Case 2, we have established the following improved decay estimates with
sharp rates

2m+2>/f'/ (- (x,8)|2dx < Ay (m) + By(m)t—4=20)/p,
R2

t 2m+2)/p/ [(—=A)™[u(x,t) — v(x, )] |2dx < Co(m) 4+ Dy(m)t— =20/,
R2

for all constants m > 0 and for all sufficiently large ¢ > 1.

3.2. Remarks

Remark 3.1. If we drop the Jacobian determinant, then the exact limits for all
order derivatives of the global weak solutions reduce to the exact limits for all order
derivatives of the global smooth solution of the corresponding linear equation.
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Remark 3.2. In Case 1, the exact limits for the nonlinear equation and the linear
equation are the same. That is,

i o [ oot

o R2

= lim {t<2m+1 /,,/ (= 2)™u(x, 1) dx}
RZ

1 m
=y [ I expl=2alalr)an

. {//R2 uo(x)dx+/ooo/Rz f(x,t)dxdt}Q,

for each constant m > 0.
In Case 2, the exact limit for the nonlinear equation is larger than the exact
limit for the linear equation. That is,

Jlim {t@m“)/p / |(—A)mu(x,t)|2dx}
oo ]R2

1 m
= m/ n|*" 2 exp(—2an|*”)dn

-{21[/R2¢>k dx+/ /szkxt)dxdt}
* {1 [ LA “"”dtr}

=1

> 2tliﬁm { (2m+2)/p/ [(— v(x,1)] dx}
o0 R2

1
= m/w In|*" 2 exp(—2an|*”)dn

- {223 [/R <z>k<x>dx+/ooo/w wk<x,t>dxdtr}7

k=1
for each constant m > 0.

Remark 3.3. For Case 1, the exact limits

tl_i)m {t(QmH /p/ |(— u(x,t)| dx}
(o] R2

= e [ 1 exol=2alnl)an

{//R up(x dx+/0 /R2 f(x,t)dxdt}Q,

i {eme2ie ]y - ot ) Pax

and
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1 m
= m/ |77\4 +26XP(*2@\77|2p)d77

ATl L oovon )

are independent of

(1) the integrals of any order derivatives of the initial function wy,

(2) the integrals of any order derivatives of the external force f,
2

(3) the integrals of any order derivatives of the nonlinear function u=.

For Case 2, the exact limits

Tim {t<2m+2>/ﬂ / (=) u(x, t)|2dx}
RZ

1 m
= 53 |l es(=2alnP )y

{ 1[/Rz¢k dx*/ /Wl/)kXtdxdt}
T [(QW / //R2\A| “|dAdtr},

=1

i { [/ 127" utx0) - v6xn)ax]

t—o00

exp(—2aln|*)dn

{ [% / //Rzm MZdAdtr},

are independent of

(1) the integrals of any order derivatives of the functions ¢; and ¢o,

(2) the integrals of any order derivatives of the functions ¥; and s,

(3) the integrals of any order derivatives of the function u?.

Remark 3.4. For Case 1, the exact limits are decreasing functions of a and p. The

exact limits are increasing functions of m, J and L, where

{//Ruo dX*/ /RZthdxdt}7
£= Z{Qw / //sz /\t|d/\dt}.

For Case 2, the exact limits are decreasing functions of a and p. The exact limits

are increasing functions of m, K and £, where
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1{ [ L oo dkdt}z’
£= 1{%-/‘/£wﬂ A”dm*‘

Remark 3.5. Recall that there holds the following elementary decay estimate

Sup{(l +t)1/”/R2 u(x,t)|2dx} < 0.

t>0

+
Mw

>
ISl

Also recall that 0 < p < 1. Therefore, the following integrals

/ / lu(x, t)|2dxdt,
R2
a(\, t)|2dAdt,
/‘/42M
A\, ) 2dAdt,
[ [ So.or

Remark 3.6. Even though the following integrals

o [ L A”dmﬁi
Ve [ L pymoorae}

are not explicitly represented in terms of «, p and the integrals of uy and f, we
may still view them as known information because we know that these integrals
exist. That is why we call the main results the exact limits because they are given
explicitly in terms of known information.

exist.

Remark 3.7. For the linear equation, if both the initial function and the exter-
nal force are radially symmetric, then the global smooth solution is also radially
symmetric.

For the nonlinear equation, this is unknown.

Remark 3.8. The main results obtained in this paper have indirect, but great
influences on numerical simulations, in particular, in the accuracy and stability of
numerical schemes of the equation.

Remark 3.9. By using Cauchy-Schwartz’s inequality and Parseval’s identity, it is
easy to establish the following estimate

{er | JLa A”dm*Q
ke L soorond
{ /meﬁam&},
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3.3. Open problems
Problem 3.1. Consider the Korteweg-de Vries-Burgers equation
0 0 u 0u 5,

't ot T am Yo Pa
u(w, 0) = uo(x),

(u2) = f(xat)a

the Benjamin-Bona-Mahony-Burgers equation

0 0 Ry 0%y 0

g oo odu Ju 0 9 _
o't or" T ool “on +53x(“ ) = [flz,1),
u(z,0) = ug(z),

and the Benjamin-Ono-Burgers equation
9 9 0 0? 9, 4

u(z,0) = uo(x),

where a > 0 and $ > 0 are real constants. In the Benjamin-Ono-Burgers equation,

H represents the Hilbert singular integral operator, defined by
1
(H¢)(xz) = principal value 7/ Md%
TJRT —Y

for ¢ € L*(R).

Given the elementary decay estimate

sup {tl/Q/ |u(z,t)2dx} < 00,
>0 R

and given the fundamental exact limit

lim {W?/ |u(a:,t)2dx},
t—o0 R

i terms of the constants o, B and the integrals

/Ruo(x)dx, /OOO/Rf(x,t)dxdt,

can we accomplish the following exact limits
2
dx} ,

lim t7rL+1/2
t—o0 R

and the following improved decay estimates with sharp rates

WU((L’, t)

2

—mu(x,t) dz < A(m) + B(m)t=1/2,

tm+1/2/ 0
R 8.237"
tm—i—l/

R

m 2

0
%ﬁ[u(xat) —v(x,1)]

dz < C(m) + D(m)t1/2,
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for all order derivatives of the global smooth solution to the Korteweg-de Vries-
Burgers equation in terms of a, B and the integrals

/R o (w)de, /0 h /R (@, t)dzdt?

For the Benjamin-Bona-Mahony-Burgers equation and the Benjamin-Ono-Burgers
equation, can we do the same things?

3.4. Technical lemmas

We have applied many traditional technical lemmas in this paper, such as the
Cauchy-Schwartz’s inequality, Lebesgue’s dominated convergence theorem and the
regular Gagliardo-Nirenberg’s interpolation inequality, etc. However, we only list
two lemmas below.

Lemma 3.1. There holds the Parseval’s identity

J[oorax= oo [ iaepa

for all functions ¢ € L?(R?).

Lemma 3.2. There exists a positive constant Cy = Co(m) > 0, such that

I I<—A>m[¢<x>¢<x>ndx}2
o {/ o '2dx}{//' >|2dx}
e[ ot {f] ).

for all functions ¢ € H*™(R?) and v € H*™(R?).
In this paper, Co = Co(m) > 0 is the smallest such positive constant.
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