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Abstract

In this paper, we use an ordinary differential equation approach to study the existence of
similarity solutions for the equation ¥, = A(u*) + 6u~# in R" x (0, o), where a > 0,
B > 0,0 € {0,1},and n > 1. This includes the slow diffusion equation when « > 1, the
standard heat equation when o = 1, and the fast diffusion equation when 0 < o < 1. We
prove that there are forward self-similar solutions for this equation with initial data of the
form c|x|?, where p = 2/(@¢+ B)if0 =1; p>0and 2+ (1 —a)p > 0if & = 0, for
some positive constant c.

1. Introduction

We are interested in the Cauchy problem for the quasilinear parabolic equation,
u, = Au*) +0u* in R” x (0, 00), (1.1)
wherea > 0,8 > 0,0 € R, n > 1, and A is the standard Laplacian operator, that is,

_ 32 + + 32
T ax? ax2’

A
This equation arises in many applications, such as the heat flow in materials with a
temperature dependent conductivity with or without reaction. This includes the slow
diffusion equation when ¢ > 1, the standard heat equation when o = 1, and the
fast diffusion equation when 0 < @ < 1. For earlier work on this type of equation,
we refer to the nice survey paper of Kalashnikov [8]. This equation (for « = 1 and
0 = 1) isrelated to a parabolic system arising in film development (see for example [1]
and [10]).
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In this paper we use an ordinary differential equation approach to find some special
solutions, namely similarity solutions, of (1.1). We want to find the forward self-
similar solution of the form

u(x,t) = t”w((x[/t%), X[ = /x4 +x2 (1.2)

for (1.1). Here the similarity exponents are necessarily given by

for 8 #£ 0; p=0and 24+ (1 —a)p >0 forf =0. (1.33)

5= 1
T2+ —-a)p’

_ 2
P=a+p

(1.3b)

Notice that for 8 = 0 the exponent p can be arbitrary ifo@ < 1,and p < 2/(a — 1)
ifa > 1.
Let r = |x|/t%. Then w € C%([0, o0)) and satisfies

-1
w™)" + n—r—(w")' +érw’ — pdw +0w? =0, r>0, (1.4a)
w'(0) =0, w > 0. (1.4b)

We remark that this reduction can be obtained if we consider only the radial
solutions of (1.1) by using the operator
¥ n-123
"~ 902 o 9o’

A o = |x|
and a solution ansatz as
u(o,t) = t"Pw(o /).

In this way, we have simplified the problem from n+ 1 dimensions to 141 dimensions.

Since (1.1) for & € R\ {0} can be transformed to an equation in the same form
as (1.1) with 8 € {—1, 1} via the simple transformations t — ¢/|0|, x — x/./]8], we
shall henceforth assume that 8 € {-1, 0, 1}.

First, we consider the case 8 € {0, 1}.

Lety =1/(B+ 1) andx =0if0 =0; = (B+ 1) if8 = 1.

Note that for p = 0 (and 8 = 0), any positive constant is a solution of (1.4), and
k is the only constant solution of (1.4) for any p > 0. We shall hence assume that
p > 0 and p satisfies (1.3a). We say that w is a solution of (1.4) if w € C?*([0, 00)),
w # k, and w satisfies (1.4).

The main result of this paper is as follows.
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THEOREM A. A solution of (1.4) exists if and only if w(0) > k. Moreover, for
w(0) > «, lim,_, o [r~Pw(r)] exists and is positive.

Let w(r) be a solution of (1.4) with w(0) > «. For any x # 0, we rewrite (1.2) as
u(x, ) = |x|Pr-Pw(r). (1.5)

Letting ¢t — 0in (1.5), it follows from Theorem A that there exists a positive constant
¢ such that
u(x,0) =clx|?, x #0. (1.6)

On the other hand, we have u(0,0) = 0. This shows that there is a solution of the
Cauchy problem for (1.1) with initial data c|x|?. Notice that for w = x the function
u(x,t) =kt is a solution of (1.1) with 8 = 1 and with initial data «, = 0.

It is well known that in many cases the large time behaviors or the finite time
singular behaviors (for example, blowup and quenching behaviors) of solutions for
the evolution equation are described by its similarity solutions. See, for example,
[2, 3] for blowup behavior and [4] for quenching behavior. Also, the large time
behaviors of solutions of the Cauchy problem of (1.1) with & = 1 are described by
the above similarity solutions (see [6] and references therein).

Let u be the solution of (1.1) with § = 1 and with the initial data xy(x) > 0, where
uo(x) is continuous such that

lim |x| Pug(x) =c¢
|x{—>o00

for some nonnegative constant ¢ and p > 0 with 2 + (1 — «)p > 0. Then we have
the following theorem.

THEOREM B. Let § be given by (1.3b). If c > 0and p > 2/(a + B), then
[t PPu(x, t) — w(x]/t®)] = 0 as t — oo

uniformly on sets {(x, 1) : |x| < Ct®} for any C > 0, where w(r) is a solution of (1.4)
withd =1ifp=2/(a+ B);and 0 =0if p > 2/(a + B) such that

lim[r~Pw(r)] =c. (1.7)
r—=-oo
Ifc=0and p = 2/(a + B), then we have
[t Yu(x,t) —x} >0 as t — oo

uniformly on sets {(x, 1) | |x| < Ct*} for any C > 0.
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Notice that the case p < 2/(x + B) is contained in the second case of Theorem B.
Theorem B is proved in [9] for @ > 1 and in [6] for 0 < ¢ < 1. In these papers,
they first obtained the existence and uniqueness for the global solutions of the Cauchy
problem for (1.1) with 6 = 1 for general initial data. Hence by the scaling invariance
property of the problem we obtain the existence of a solution of (1.4) and (1.7).

In {5], the author studied the existence of similarity solutions for (1.1) witha =1
and @ = 1, that is, the case for the standard heat equation with source by a totally
different approach. In that paper, Theorem A was proved for ¢ = 1 using an ordinary
differential equation approach.

Extending the method used in [5] (see also the references cited there), we shall
show that a similar argument can also be applied to the cases of the fast and slow
diffusion equations. The method we used is fairly elementary and it provides an easy
way to obtain the asymptotic behaviors at infinity of solutions for certain ordinary
differential equations.

We remark that the existence of self-similar solutions for the equation

u, = A@w®) —uf in R” x (0, 00)

for ]l < 8 < ¢ and n > 1 was studied by McLeod, Peletier, and Vazquez in [11] using
the shooting-matching method. For other interesting types of similarity solutions
using a totally different approach, we refer to the paper [7] and the references therein.

This paper is organized as follows. In Section 2, we give some preliminary results
for solutions of (1.4) and introduce some notation. We then derive the asymptotic
behaviors of solutions of (1.4) at infinity and give the proof of Theorem A for the fast
diffusion case in Section 3 and for the slow diffusion case in Section 4.

Finally, for the case 8 = —1 and 0 < a < 1, the above method can also be applied
with some minor modifications. This is done in Section 5.

2. Preliminaries

In this section we shall give some preliminary results for (1.4) for any o > 0 and
introduce some notation.

Let ¢(r) = w(r)* and let g(s) = p8s'/® — fs~P/*. Then w satisfies (1.4) if and
only if ¢ satisfies

n-—1

¢+ [ + g—rtp”"“] ¢ —g(@) =0, r>0, (2.1a)
¢'(0) =0, ¢ >0. (2.1b)

From now on we shall study the problem (2.1) instead of (1.4). For a given ¢(r), we

https://doi.org/10.1017/50334270000007694 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000007694

[51 Similarity solutions for a quasilinear parabolic equation 257

introduce
p(r) = exp {[r gsdb(s)'/""ds} , (2.2)
o(r) = r""p(s). 2.3)
Note that o (r) is defined in terms of ¢ (s) for s € [0, r] for @ # 1. Also, we have

)
p'(r) = ;r¢(r)“"_lp(r), 249

n—1

8
o'(r) = [— - —r¢(r)'/“-‘] o (r). @.5)
r o
Let ¥ = ¢'. Then (2.1a) can be rewritten as the following system:

o =1, (2.6a)
’ n—1 s 1/a—1
¥'=— —+ ;rd’ ¥ +8(9). (2.6b)

Solving (2.1) with ¢ (0) = n* > 0 is equivalent to solving the integral system:

() =n"+ / Y (s)ds, (2.7a)
0

V() = o) / o (5)g((s))ds. 2.7b)
0

Since g(s) > Ofor s > «* and g(s) < 0 fors < «*, it follows from (2.7b) that
¢'(r) >0,¥r >0ifn > x; and ¢'(r) < 0,Vr > 0if n < «. Hence every solution
of (2.1) with 8 = 0 must be strictly increasing. Using (2.7), the local existence and
uniqueness of the solution of (2.1) with ¢(0) = n° follows from the standard fixed
point argument. Note that

lim y (r)/r = g(r)/n = lim ¥/ (7).

We shall denote the solution of (2.1) with ¢ (0) = n* by ¢(r; n). For global existence
of solutions of (2.1), we have:

PROPOSITION 2.1. The local solution ¢(r; n) of (2.1) with n € (0, k) cannot be ex-

tended to all r > 0. If a global solution ¢(r; n) for (2.1) with n > « exists, then
@(r;n) = oo.

https://doi.org/10.1017/50334270000007694 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000007694

258 Jong-Sheng Guo [6]

PROOF. Suppose that the solution ¢ (r; ) of (2.1) with n > 0 and n # « exists for
all » > 0. Since ¢ is necessarily strictly monotone, the limit / = lim,_, o, ¢ () exists.
Suppose that / < co. Then

f & (rdr =1 — $(0)
0

which is bounded. Since ¢’ has a constant sign, there is a sequence r,, — 00 such
that ¢'(r,,) — 0 as m — oo. Dividing (2.1a) by r and integrating from 1 to r, > 1,
we obtain that the integral

/ 8@ ,.

1 r

is bounded as m — 00, since the integrals

PO 4y 9D gy [T,
1 r Iy 1 r
"n—1, Tm ans
s—¢'(r)dr and 8/ (@)'*ydr

1 r 1

are uniformly bounded for all m. On the other hand, we have

[-2o,,
1 r

which tends to infinity as m — 00, a contradiction. Therefore the proposition follows.

> 1g(n*)n(rm)

From now on we shall assume that > x and we shall let ¢(r) = ¢(r; n).
Using (2.3), (2.1a) can be rewritten as

(0¢') = og(@). (2.8)
For n > «, we have the following global existence result.

PROPOSITION 2.2. The local solution ¢ (r) of (2.1) can be continued to all r > 0.

PROOF. Suppose that ¢ (r) exists in [0, €]. Fix ry € (0, €). From (2.8) it follows that

o) = 2% o) + f 76 o b (s)ds. 2.9)

o(r) s o(r)

Recall ¢'(r) > Oforall r > 0.

https://doi.org/10.1017/50334270000007694 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000007694

7 Similarity solutions for a quasilinear parabolic equation 259

Suppose first that n > 2. For r > ry, we compute

#0) = de+ps [ (3)7 ( 1 )sp(s)¢<s)'/“-'¢(s)ds
= W \r) ()
< ¢'(r0) + pa ) o'(s)ds (2.10)
rp(r) J,
< ¢+ pa@.
Hence from (2.10) it follows that
¢(r) SClr”“+C2r+C3, r = ro, (211)

for some positive constants C,, C, and C; depending only on «, p, and ry. Hence ¢ (r)
and ¢’(r) are bounded for r finite. Notice that ¢ (r) > n® for all r > 0. Therefore, the
result follows by the standard continuation theorem.

Forthe case n = 1,0 (r) = p(r). By writing p(s) = s~'[sp(s)] in (2.9) and noting
that 1/s < 1/ry for r > ry, we have

¢(r)

ro

¢'(r) < ¢'(ry) + pa

(2.12)

Then the result follows by the same argument as above and the proof is completed.

Let z(r) = ¢'(r)/¢(r). Then z satisfies the equation

-1 8§
7+ [n + —r¢(r)'/“"] z = pép"/*t —9p~1"Fl — 22, (2.13)
r o
It follows from (2.13) that

2(r)=0()! / ' a(s)[psp(s)/et — 8¢ (s) ™' F/* — z(s5)*)ds. (2.14)
0

3. The fast diffusion equation

In this section we shall study the asymptotic behaviors of solutions ¢ (r) of (2.1) at
r = oo for 0 < a < 1. First, we have the following lemma. For convenience, we let
d=46/a.

LEMMA 3.1. We have lim,_, o [r¢’(r)] = cc.
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PROOF. Since 0 < a < 1 and ¢(r) — oo asr — 00, o(r) — 00 exponentially as
r — 00. Using (2.9) with ry, = 0 and applying I’Hopital’s rule, we compute

H ’ Y i r
rll»rgg[r¢ (r)] - ,.l_l)r{.lo r—la(r) ‘/0‘ U(S)g(¢(s))ds
— lim pép(r)/e — 8¢ (r)Fl®
rooo (n— 2)r=2 + dep(r)i/e-1
— lim d(r)[ps — 0 (r)~B+b/]

ro00 (n—2)r2¢(r)!-Ye + d
= 00,

since ¢(r)!~* — Q0 as r — o0o. The lemma is proved.

The following lemma shows that ¢ () can only grow to infinity polynomially.

LEMMA 3.2. We have lim,_, ,[¢'(r}/¢(r)) = 0.

PROOF. Recall (2.14). Then we have

¢'(r) 1 f’ ae
0< < ——pé | o) ds = K(r). 3.1
o0 e ¢ (s) ( 3.1
Applying I’Hopital’s rule, we compute
: . pdg(r)!/e!
K =
rlir{olo (r) rliTo (n — Dr=' +dré(r)l=-1
= lim p/r
=2 (n = Drg(r)' Ve +d

=0,
and the lemma follows.

The following lemma gives the degree of the polynomial growth for ¢ (r).
LEMMA 3.3. We have

lim ré') = pa
r>o0 p(r)

(3.2)

PROOF. Rewrite (2.14) as

2r)y=a()” /r"(s)[P5¢(S)""" + a(s)lds,
0
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where a(s) — 0as s — oo. Then, using I’Hopital’s rule again, we obtain

pdo(r)'/*' 4+ a(r)
oo (n—2r2+dp@r)/e-1
— 1im pd+a(r)g(r)' =/
rooo (n —2r2¢(r)!~"* +d
= pa,

hm [rz(r)] = 11m

since 1 < 1/a and ¢ (r) — oc.

LEMMA 3.4. For any € > O there are K = K(¢) > 0 and R = R(¢) > 0 such that
o(r) > KrP*™¢, Vr > R. 3.3)
PROOF. Given € > 0 it follows from (3.2) that there is a number R > 0 such that

()
¢(r) ~

for all » > R. An integration gives (3.3).

> (pa —¢€)

Finally, we state the main result of this section as follows.

THEOREM 3.5. The limit, lim,_, ..[r~"*¢ (r)], exists and is positive.

PROOF. Take any positive constant A < 2. Using (2.14), we rewrite

r*rz(r) — pa] = ( /a(s)d)(s)'/" 'ds — par~'o(r)

1
rla ()
—9/0(s)¢(s)"'ﬁ/"ds - /’a(s)z(s)zds). (3.4)
0

0

Applying I’Hépital’s rule to (3.4), we obtain

rl_i’r?orl[rz(r) — pa]
_ o @—mpar™ — 8¢ — ()2
roo0 (n—A—2)r*24dr2¢(r)l/e!
- im ¥~ n)par*2¢(r)' 1" — @ri¢(r)= e — z2(r)rig(r)' e
= e (1 — A= 2r2¢(r) V" +d

» (3.5)

if the last limit on the right hand side of (3.5) exists.
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We claim that the limit on the right-hand side of (3.5) is zero. For 6 = 1, we
have p = 2/(a + B). Since A < 2 and a < 1, there is an € > 0 such that
A < (pa — €)(1 + B)/a. It follows from Lemma 3.4 that

0< rA¢(r)—(l+ﬂ)/a < Crl—(pa—e)(l+ﬂ)/a.

Therefore, we obtain lim,_, o, r*¢(r)~1+A/e = 0. Next, writing z(r)?r*¢ (r)!-V/* =
[rz(r)Pr*~2¢(r)'~'/* and using (3.2), it follows that lim,_,o,[z(r)?r*¢ (r)!~1/*] = 0.
Hence the limit on the right-hand side of (3.5) is zero and we conclude that

lirglor*[rz(r) ~ pal =0. (3.6)

From (3.6) and by an integration, it follows that there is a positive constant ¢ such
that ¢ (r) = crP*[1 + o(r~*)] as r — o0. Hence the theorem is proved.

Then Theorem A for 0 < a < 1 follows from Propositions 2.1 and 2.2, and
Theorem 3.5.

4. The slow diffusion equation

In this section we shall study the asymptotic behaviors of solutions ¢ () of (2.1) at
r = oo for ¢ > 1. We shall distinguish two cases.

First, we deal with the case n > 2. Recall (2.11) that there are positive constants
C,, C, and C; such that

¢(r) < Cir** + Cor + Cs. “4.1)

For n = 1, we need a better estimate than (2.12). From (2.9) it follows that ¢'(r) <
pér¢(r)'/®, where the fact that g(¢) and ¢(s) are increasing is used. Then an
integration gives

#(r) <ICy + Cr? /ey, vr

for some constants C; and C,. In fact, for any g > pa we have
lim[r?¢()] =0. “4.2)

Otherwise, we have limsup,_, . [r~?¢(r)] = A > 0. Hence we can find a sequence
{rn} which tends to infinity as m — oo such that

o) = =r? Vm. 4.3)
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Dividing (2.1a) by r¢ (r)"/* and integrating from 1 to r,, > 1, we obtain
ez [T o
1
=1 G () VG () — BV (D)
+ f i [r‘2¢(r>-'/“ + ér“¢(r)"’“"¢'(r>] ¢/ (rdr
1
> —p(1)™¢'(D),

for all m, where
I, = f ["—8 _a? (r)]dr.
1 r o(r)
But, by (4.3) we have
In =0 [r2¢ (ra) ¢ (1)*] < In[p(1)2% A~ rzo=44],

which tends to —oo as m — o0, a contradiction. Therefore, (4.2) holds.
We observe from (4.1) and (4.2) that o (r) — oo exponentially as r — oo and that

lim r2¢(r)'~V* =0, 4.9

In parallel to Lemmas 3.1 and 3.2, we have the following two lemmas whose proofs
are the same as the proofs of Lemmas 3.1 and 3.2.

LEMMA 4.1. We have lim,_, o[r¢’'(r)] = oo

LEMMA 4.2. We have lim, Lo [¢'(r) /¢ (r)] = 0.

In order to obtain the degree of the polynomial growth for ¢ (r), we need some
extra work. We claim that

lim ¢/ (r)p (r)~@*D/@) = 0, (4.5)

Let ¢ = max(pa, 1) forn > 2 and g € (po, 2a¢/(a — 1)) for n = 1. From (3.1),
(4.1) and (4.2), we have

0 < ¢'(re(r) @+ <

1 r )
C_-T/mﬁm/o o (s)p(s)/*'ds = CK(r),

rad

for some positive constant C. Using (4.4) and 1’Hopital’s rule, we compute

1/a—1
lim K(r) = lim o (r)
o > [q(1 — a)/Qa) +n — 1]ra0=2/@0~1 4 dra(l-2)/@+ g (r) e
r—q(1-a)/Qa)-t
= lim
r—oo [q(l - a)/(za) + n— 1]r‘2¢(r)l—l/a + d

=0,
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since g < 2a/(a — 1). Hence (4.5) follows.
We are now ready to prove the following lemma.

LEMMA 4.3. We have

o) _

= 4.6
o gy P 4.6)

PROOEF. Rewrite (2.14) as

z(r) = o ()™ /ro(s)a(s)ds,
0

where
a(s) = pdp(s)"/*™" — 0 (s)™' /% — z2(s)?

which tends to zero as s — 00. Then, using 1’Hopital’s rule again, we obtain

pSp(r)/e! = B¢ (r)~' P/ — 2(r)?
(n—2)r24+do(ry/e-!
— 1im P2~ O (r)~B+0/% — (¢ ()P (r)~' "V
e (n=2r2¢(r)'""*+d
= pa’

lim[rz(r)] = lim
r—o00 r—o0

by using (4.4) and (4.5). The proof is complete.

The proof of the following lemma is the same as that of Lemma 3.4 and we omit it.

LEMMA 4.4. For any € > 0, thereare K = K(¢) > 0 and R = R(€) > 0 such that
o(r) > KrP*=, VYr > R. @.7n
Finally, we state the main result of this section as follows.
THEOREM 4.5. The limit, him,_, ,[r~?*¢ (r)], exists and is positive.

PROOF. Take any positive constant A < 2(1 + B)/(a + B). Note that A < 2. Using
Lemma 4.4 and (4.6), the theorem can be proved in the same way as Theorem 3.5.

Theorem A for o > 1 follows from Propositions 2.1 and 2.2 and Theorem 4.5.
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5. Final remarks

The above method can be applied to (1.1) with8 = —1 and 0 < @ < 1. More
precisely, we can deduce the following theorem. Recall that p = 2/(¢ + B8), ¥y =
1/(B+1),and pd =y.

THEOREM 5.1. A solution of (1.4) exists if and only if w(0) > 0. Moreover, for
w(0) > 0 the limit, lim,_, .[r"Pw(r)], exists and is positive.

As before, let g(s) = ys'/* + s~#/*, Hence every solution of (2.1) must be strictly
increasing and tends to oo as r — 00. For s > 7%, since g(s) < Kys'/® for some
positive constant K, the inequalities (2.10) and (2.12) become

¢'(r) < ¢'(ro) + Kpag(r)/r, (5.1
#'(r) < ¢'(r0) + Kpag(r)/ro, (5.2)

respectively. Hence Proposition 2.2 holds for any n > 0.
The results of Section 3 remain the same. Therefore, Theorem 5.1 follows easily
in the same way as before.
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