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ABSTRACT. This paper is mainly concerned with Euler-Poisson equations mod-
eling Newtonian stars. We establish the existence of rotating star solutions for
general compressible fluids with prescribed angular velocity law, which is the
main point distinguished with the case with prescribed angular momentum per
unit mass. The compactness of any minimizing sequence is established, which
is important from the stability point of view.

1. Introduction. Since Newton’s time, many distinguished mathematicians and
physical scientists such as Maclaurin, Clairaut, Liouville, Lyapunov and Poincaré
have made great contributions on the relative equilibrium figures of self-gravitating
rotating fluids, including incompressible and compressible cases. In 1902, Jeans
proposed the first serious theory of galaxy formation. He supposed that the universe
is filled with a non-relativistic fluids, governed by the Euler-Poisson equations (see
p562 in [26])

%-I—V-(pv)zo
Ft(v-V)v=—1vP+g
Vxg=0

V.g=—4mp.

(1)

Here t € RT, z € R3, V is the spatial gradient, g is the gravitational field. p,
v = (v1,v2,v3), and P are the density, velocity field, and pressure, respectively. A
classical problem is to investigate the stability of fluids in equilibrium. The fact
shows that the stability of a fluid depends mainly on two elements: the equation of
state P(p) and the rotating velocity v.

When v = 0, the existence and property of the self-gravitating non-rotating
star is classical, which shows that the star is exactly a ball. However when the
star rotates with a fixed axis, its configuration will be no longer radial symmetric.
So it is more challenging and significant in astrophysics and mathematics to study
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rotating stars. Luo and Smoller [21] call an axi-symmetry time-independent solution
of system (1) as a rotating star solution.

Here it is worthwhile in astrophysics to mention the well-known white dwarfs.
By virtue of the uncertainty principle and Pauli’s exclusion principle, the stellar
material occupies a ground state pressure P, which depends on the local density
p. The well-known fact from quantum statistics (see Chapter 10 in [6]) shows that
P(p) obeys the asymptotic relations:

P(p) = c1p®® = cp™* + 0(p*), p—0,
P(p) = dip*® —dop®* +---, p— o0,

for the envelope and the core, respectively, where ¢, co, dy, do are positive constants.
In the last century, Milne and Chandrasekhar produced an impressive amount of
work on slowly rotating stars. The interested readers can see [6, 7, 25] for more
details.

In 1971, a rigorous mathematical theory for rotating stars of compressible fluids
with angular velocity was initiated by Auchmuty and Beals [3, 4]. They proved the
existence of the rotating star solution if the angular velocity satisfies certain decay
conditions, to be precisely given in the next section. Subsequently, the stars with
uniform rotation were studied. Li [16] proved there exists a rotating star solution
if the angular velocity is smaller than a certain constant. Chanillo and Li [8] gave
an a-priori bound on diameters and the number of connected components of white
dwarfs with small uniform rotation.

There is another model of this problem, in which the angular momentum per unit
mass, rather than the angular velocity, is prescribed. There are many results, such
as Auchnuty and Beals [3], Auchmuty [1, 2], Lions [17], Friedman and Turkington
[9, 10], Caffarelli and Friedman [5] and McCann [22]. Recently, Luo and Smoller
[21, 20] proved the existence and nonlinear stability of rotating star solutions for
compressible isentropic fluids and applied to rotating white dwarfs and high density
supermassive stars. The method developed in [21, 20] is very important to deal
with the fluids with angular velocity law.

In this paper we prove the existence of the rotating star solutions for general
compressible fluids with prescribed angular velocity law. The compactness of any
minimizing sequence is established, which is important from the stability point of
view. We first reformulate this problem as a variational problem to find a minimizer
of the energy functional. In order to further discuss the stability problem, we
weaken the symmetry of the admissible functions. Then we use the concentration-
compactness principle, due to P. L. Lions [17] and a more specific setting recovered
by Rein [23], to show that any minimizing sequence of the energy functional must
be compact, which leads to the existence and compactness of rotating star solution.
The proof is quite different from that in [3].

In particular, for polytropic perfect gas, P(p) = p?, v > 1. We remark that
when v = g, the nonlinear instability was discussed by Jang [14]. when v > %, we
studied the existence of rotating stars with prescribed angular velocity law in [15].
In this paper we will improve our result to more general fluids.

The rest of this paper runs as follows. In the next section we reformulate Euler-
Poisson equations as a variational problem. Some basic inequalities were given in
section 3. The main result is proved in section 4. Once the energy is proved to be
negative, the existence theorem will be established by a standard technique. More
details could be found in [15].
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2. Reformulation and main result. For z = (21,22, 23) € R3, we denote

r(z) =/22 +2% and z(z) = x3.

A rotating star solution (p,v)(r,z) is an axi-symmetric time-independent solution
of system (1), which models a star rotating about z-axis [21]. If the angular velocity
w(r)(> 0) is prescribed, then the velocity field

v(z) = (—zow(r), z1w(r),0),
and |v(z)| = w(r)r. The Euler-Poisson Equations (1) can be written as
VP(p) = p{VBp+wA(r)re,}, )
where the gravitational field g = V Bp,

Bo) = [ Py e = (2. 2,0),

|z — r’or

the function P are prescribed.

For convenience, we will use [ and || - [|; to denote [s and || - ||L¢(rs), respec-
tively, throughout this paper. We consider the problem of minimizing the energy
functional, which corresponds to (2) (see Theorem 4.1 (c)),

B) = | (A<p<x>> (@) (r()) - L pla) Bp<x>) dn
= Eint(p) + Erin(p) + Epot(p) (3)

over the set

Py = {p € L'(R3) : p is axisymmetric about the z-axis, p > 0,

/pdx:M, /(A(p)+pJ(r))dx<oo}.

Here Ejnt, Evin, Epot represent, respectively, the internal energy, the rotating kinetic
energy, and the gravitational potential energy of the fluids. A(p) is determined by
the pressure function P(p), which is continuous, with the relationship

A =p [ Far

t2

And -
J(r) = / sw?(s)ds.

We studied in [15] the case that P(p) is polytropic, say

4
P(p)=p" 7> 3.

In this paper we generalize our result [15] to more general compressible fluids,
including rotating white dwarfs. Suppose that P(p) satisfies

(P1) P(0) =0, and P'(p) > 0, for p > 0,

(P2) p't/m < P (p), for p > o,

(P3) P(p) < cop*™/™, for p < po,
where cg, c?, po < p° are positive constants and 0 < m,n < 3. Assume that w(r)
satisfies

(wl) rw?(r) € LY([0,00)),
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(w2) rJ(r) — 0, as r — o0
(i.e. J(r) satisfies (P;) and (23) in [3]). It is well known that Auchmuty and Beals
[3] have proved the existence of a minimizer of the functional in the class 'y g,
where I'pyrg =Ty N T,

I's ={p e L'(R?) : p(x1,22,23) = p(x1, 32, —23) } .

In order to further discuss the stability problem, we weaken the symmetry of the
admissible functions. Here we just require them belong to I'j;.
Our main result is as follows.

Theorem 2.1. Suppose (wl)(w2) hold. Then there exists M. > 0, depending only
onn and ® (if n = 3 then M. < +oo, if n < 3 then M. = +oc0), such that if
M < M., then

(a) the functional E(p) is bounded from below on T'p; and

ey = inf E(p) <0,
I'n
(b) there exists p in T'nr,s, which is non-increasing in z > 0, such that
E(p) = min E(p) = min E(p).
(p) = min E(p) = min E(p)
Thus p is a rotating star solution with total mass M and angular velocity w.

Remark 1. It is essentially important for the fluids in equilibrium that its energy
is negative. This shows that its gravitational binding energy exceeds the sum of its
internal energy and its kinetic energy, which guarantees that the gravitation forces
can pull together the stellar matter.

Remark 2. When n = 3, the pressure P(p) of the fluids includes the white dwarf
star case. Theorem 2.1 shows that the existence of the rotating white dwarf star

solution requires the total mass M < M., “a critical mass”, which is also called
“Chandrasekhar limit” (see [6]).

3. Preliminaries. For convenience to read, we give several elementary results,
beginning with a convexity inequality, which is a consequence of Young’s inequality
(pl45 in [12]).

Lemma 3.1. If f € L*(R3), p < ¢ < s, then
1Flle < WFIIAIE, g=Xp+(1-XN)/s.
The following lemma is proved in [3].
Lemma 3.2. Suppose f € LY(R?) N LI(R3). If 1 < q < 3/2, then Bf € L"(R?)
for3 <r<3q/(3—2q), and
IBfll- < CALITIANG™ + IFTIAIG®),

where C >0 and 1 <n,0 < 1. If ¢ > 3/2, then Bf is bounded continuous function
and satisfies the above inequality with r = oco.

Lemma 3.3. Let f € LY(R3*) N LY (R3). if v > 4/3, then VBf € L*(R?), and
5v7—6

IVBFII3 < CIA™ 11307,

for some constant C' = C(v).
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ot

Indeed, it follows from Holder’s inequality, Lemma 3.2 and Lemma 3.1 that
1 ) 1
FIVBSIE= 1 [(AB) B
— [ 1) Bf(a)da

5/6 1/6
< ( / |f6/5dw) ( / IBf|6dw)

< CIfNGs
57—6

.
< CIART IR

4. Proof of the main Theorem. Our goal is to establish the existence of rotating
star solution of (2). Before proving our existence theorem, we first present the
following theorem for the minimizer by the argument used in [3].

Theorem 4.1. Under the assumption (wl), if p is a minimizer of the energy func-
tional E(p) in I'pr and let

G ={z e R®| j(z) >0},

then
(a) pe C(R3)NCHG).
(b) there exists a constant p < 0 such that

{A’(ﬁ(ﬂ:)) +J(r(@)) = Bi(x) = p, x€G,
J(r(z)) — Bp(z) > p, reR3-G.
(c) p is a solution of (2).

Therefore, by the approach used in [15], in order to establish the existence of
rotating star solution with given angular velocity, it suffice now to show

ey > —oo, and ep <0.

Since the rest is a standard argument, we list some Lemmas and outline the proof
of our main result. More details can be found in [21] or [15].
It is easy to check that the condition (P2) and (P3) imply that

n(p Y — () 7p) < PA(p), for p> O, )

and

14+1/m
)

A(p) < meop for p < po. (5)

Then we have

Lemma 4.2. Under (4), there exists a critical constant M., depending only on n
and c°, (if n =3, then M. < +oo, if n < 3, then M. = +oc), such that if M < M.,
then

/ (A(p(x)) + 20(2)](r(2))) d < 2E(p) +C, p €T, (6)

where C is a positive constant, depending only on p°,c®,n and M. This implies
ey > —oQ.
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Proof. Since p € I'ys, we have

/A(p)dm < 00, /pdm = M.

It follows from (4) that

/lerl/n(m)dl’

= +/ > p Y () da
(/0<p§p° p>pt

< () / _pla)da (o) / ey + < / Alp(a))dr
<p o p>p p>p
< ()4 /  Alpta)ie (7)

By Lemma 3.3, taking v =1+ %, and combining with (7), we obtain
1
~Epurlp) = 5 [ ola) - Bola)ds < Il

5—n)/3 n+1)/3
Clol 1))

IN

IA

n

0 n/3
CMG—)/3 ((po)l/”M+ C*/ A(P@))dx)
p>p°

IN

OMP3 ()3 4 CME/3 (‘/’())"/3 ( / A<p<x>>dx) e

n

here C' depends only on n, and in the last inequality we used (a + b)? < a? + bP for
a>0,b>0andp< 1.

3/2
If n = 3, then there exists a constant M, = (25’60) , such that if M < M.,
we have

CO
CM2/3~§/A(p(x))dx§ %/A(p(x))dx.

Combining with (8), we obtain
1
—Epot(p) < 5/ A(p(z))dz + C, (9)

where C depends only on ¢?, p® and M. If n < 3, then we can obtain inequality (9)
by Young’s inequality, where C' depends only on ¢, p°, n and M.
It is clear that inequality (9) implies that
B(p) = [ Alp(@)do+ [ pl)(r(a))ds + Ep(p)

> 5 [ Aplends + [ o) I(r(@)do - €

where C depends only on ¢, p°, n and M. Hence (6) holds. O

Next we prove another important lemma.

Lemma 4.3. For M < M, (determined in Lemma 4.2),
(a) Under (wl)(w2), we have epr < 0.
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(b) And under a weaker condition
(w3) w(r)/r™ is non-increasing in (0,00), for some constant oc > 0,
we have, ey /MOT20/3 s non-increasing for 0 < M < M,.
Proof. Let p € T'pp 6 C Ty (M < M) be a minimizer of E(p) in 'y g with
G={xcR®: p(z) >0}

being compact set in R?, and p € C1(G) (the existence of such a minimizer is proved
in [3]). Moreover, Caffarelli and Friedman proved in [5] that the boundary 0G is
smooth enough to apply the Gauss-Green formula. Noting that p|sg = 0, we obtain

/Gz - VP(p(z))dz = 73/P(p(x))dx.

By the argument in [21] (see page 455), we have

/G v )V (Bplw))do = — / p()Bol(z)dz.

Next since z - e, = r(x), it follows that

2 - pla)w? (r)r(a)edz = —
/. /

G

p(x)rJ’(r)d:c:/ p(z)J(r(x))dx.

G
Therefore, by (2),

1

. / p() Bp(a)di = / o) T (r(x))dee + 3 / P(p(x))d. (10)

For a,b > 0, by a scaling argument as in [23], we define p(x) = ap(bx). Then it
is not difficult to show that

[ e =av [ odo. Bprlp) = a2 By,

/A([))dx =bp3 /A(ap)dm.
(a) Pick a = b3 such that p € I'y; as well. We claim that
E(p) <0, for sufficiently small b > 0.
Letting 0 < b < 1, by (10), we have

B(p) = [ Ap)dz + [ @) r@)de ~ 5 [ plo)Bo(a)ds
_ / A(p(2))dz + b /G p(be) T (r())dax
—b(/p(x)J(r(x))dm—i—?)/ P(p(m))dm)

- / A(ﬁ(:z:))dxf?)b/ P(p(:z:))derb/

G

(#20002) = pl2) ) Tr @)

Condition (5) implies that
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By (P1), we know that [ P(p)dz > 0. Let

= 2 T ) — X T X
f(b)/G<b p(bz) — >)J< (2))d,
then
£(0) = — /G p(a) I (r ()

If f(0) =0, then v(x) = 0. This implies that f(b) = 0. Otherwise, f(b) < 0 for b
sufficiently small. So that when b is small enough, our claim is proven. This means
our assertion is established.

(b) Under (wl) and (w3), for b > 1, we have

/ﬁJ(r(m))dm = a/p(bx) /T:) w?(s(x))sdsdx

> ab~ 2@ / p(bx) / b w?(s(bx))sdsdx

(bx)
= ab7(5+2a)/p(m),](r(m))dx.

Therefore, we choose a = 1 and b = (M/M)Y/3 > 1, for M < M < M. it follows
that

E(p) = / A(p(z))de + / P() T (r(2))da + Fpor ()
>3 / A(p(z))dz + b= +2) / P (r(2))d + b° Epor ()

> b (342 (/ Alp(x))dz + / ple){rie))de + E””t(p))
= (M/M)C+2)/3p(p).

Since the map p — p is one-to-one and onto between I'j; and I'y;, thus we prove
Part (b). O

Remark 3. We notice that (wl) and (w3) is weaker than (w1l) and (w2). Consider
w(r) =r~! for I > 1 and r > 79 > 0. By a simple calculation, we see that in order
to make w(r) satisfy the the condition (w2),

o, > ds r3=2
’I“J(’r‘):?"/r S’LU(S)dS:’I’/T 8217_1:%7_2%0,&87’%00,

it has to require
>3
2 )
while [ > 1 suffices to make our assumption (wl) and (w3) hold.
Actually, the monotonicity of angular velocity is common and natural in astro-

physics and is related to some stability criteria.

Then recalling Steiner symmetrization [13], we denote p as the symmetric re-
arrangement of p with respect to z. By properties of the rearrangement, the inte-
grals

[ Az, [ o))z
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do not change, while the potential term
/ / p(@)py) ;. dy
|z -yl

E(p) < E(p).

We next consider the minimizing sequence {p;} C T'ps of the energy functional
E(p) and assume they have been rearranged, so that every p; is even with respect
to z = 0 and decreasing in z > 0.

We here list some Lemmas in the following. Their proof can be found in [15] [23]
and references therein.

increase. Thus,

Lemma 4.4. ([15]) Under (w2), any minimizing sequence of E(p) inT'pr (M < M,)
is bounded in LY (R3) (y > 4/3) and therefore has a subsequence which converges
weakly in L7(R3).

Lemma 4.5. ([23]) Let p € Tpy (M < M,.). Then for R > 1,

1 M? Clpl?
>~ | 2E . il
o /a+BR pla)de 2 g ( pot(P) = T = p5oery |

where Bp = {y € R3 : |y| < R}.

Lemma 4.6. ([15]) Under (w2), let {p;} C I'ps be a minimizing sequence of E(p)
in Tpr (M < M.). Then there exist positive constants o = do(M), Rog = Ro(M),
and ig € N such that

/ pi(x)dx > dg,  fori>ig, R> Ry.
Br

Lemma 4.7. ([23]) Let {p;} € L"(R3) (v > 4/3) be bounded and
pi — p weakly in L7 (R3).
(a) For any domain 2 C R3,
VB(xqpi) = VB(xop) strongly in L*(R?),

where x,, s the indicator function on set ().
(b) If in addition {p;} is bounded in L'(R3), p € L*(R3), and for any e > 0
there exist R > 0 and ig € N such that

/ pl(l’)dfl} <¢, 1 2> 1g,
|z| >R

then
VBp; — VBp strongly in L*(R3).
Next, for the completeness of this paper, we sketch out the proof of Theorem 2.1.

Proof of Theorem 2.1. Fix 0 < M < M,. By Lemma 4.2 and 4.3 (a), we have
proved Theorem 2.1 (a). It is sufficient to show Theorem 2.1 (b).
Split p € I'p into three different parts as in [23],

P=PXpay T PX ey T PX g = p + p) 4 p3),
where x_, is the indicator function on sets BU(j =1,2,3),

BYW ={zeR3:|z| <R}, B® ={zxeR3: R <|z| <Ry},
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B® = {z e R3®:|z| > Ry},
for 0 < Ry < Ry (to be determined later). Thus we have

E(p) = E(pW) + E(p®) + E(p'®) — P13 — P15 — Pas,

® (2D (y
//p ‘xf dxdy, 1<k<I<3.

If we choose Ro > 2Ry, then (see [23])

where

C _
Pz < Ry Pis + Py3 < C|lp|l2/0= V||V B2 |5

Denote

M) = /p(j)(x)dx, j=1,2,3.
Noticing that ep; < 0 and using Lemma 4.3 (b), we find
ent — B(p) ~ B(p) ~ B(p®)

) , MO E MO MO\ 3
<o [1-(%57) (M> (M)
§ (MO %7 M M(s
=M M M

10€M

9M?2

10eps
< MM M)
= 9M?2

Here we have used the elementary formula

< ( MOM® £ W@ 4 @ M<3>

1-— (a5/3 +°/3 —&-05/3) > 19—0 (ab + be + ac)
for 0 < a,b,c <1, a+ b+ c=1. From these estimates above, it follows
enr — E(p) = ens — E(p") = E(p®) = E(p®)) + Pis + Pis + Pag
< Cey MM +C (Ry' + |l S0V |VBp@5) . (11)

Let {p;} C T'p be a minimizing sequence of E(p). By Lemma 4.4, {p;} is
bounded in LY (R32). So there exists a subsequence, still denoted by {p;}, such that

pi — p, weakly in L7(R3).
We now choose Ry > Ry, by Lemma 4.6, such that Mi(j) > §p for i large. By (11),

C
~CendoM{" < -+ CIVB? |2 + Blpi) ~ ex
C - -
< 7, HOIVBIP e + CIVEAY = VBI®|2 + B(pr) — e (12)
where
o = pixpe MY = / p(@)de, i=1,2,--,j=1,2,3,

referring to the splitting.
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Given any € > 0, by the same argument as [23], we can increase Ry > Ry such
that the mass of p mainly concentrates in the ball B, so the potential energy
generated by po, the second term on the right-hand side of (12), can be sufficiently
small, say less than €/4. Next, we take Ry > 2Ry such that the first term of (12)
is also small and less than ¢/4. Now, Ry and Ry are fixed. By Lemma 4.7 (a), the
third term in (12) converges to zero as i — oo. And the remainder |E(p;) — en|
can be small if ¢ is large. Therefore, for 7 sufficiently large, we can make

Mi(?’) = / pi(x)dx < e,

then
/ pi(x)de =M — MP) > M —e.
BR2

In virtue of Lemma 4.7 (b), we have
IVBp;, —VBp|la — 0, as i— oo.

Obviously, p > 0 a.e. By the weak convergence we have that for any € > 0,
M > / p(x)dr > M — ¢, if R large enough,
Br

which in particular implies that p € L*(R®) with [ pdx = M. Since p — [ A(p)dx
is convex, by a standard argument, we have

E(p) =em.

Therefore, p is a minimizer of E(p). O
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