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We analyze the Meifiner effect from first principles of quantum mechanics. We show in particular
the existence of superconducting states minimizing the magnetic free-energy of a BCS-like model
and carrying surface currents which annihilate the total magnetic induction inside the bulk in the
thermodynamic limit. This study is a step towards a complete explanation of the Meifiner effect
from a microscopic model. It remains indeed to prove that those states are dynamically stable, i.e.,
quasi—stationary at low temperatures. Note that our analysis shows that the Meifiner effect is not
necessarily related to an effective magnetic susceptibility equal to —1.

I. INTRODUCTION

The so—called Meifiner (or Meifiner—Ochsenfeld) effect
was discovered in 1933 by the physicists W. Meifiner
and R. Ochsenfeld, twenty two years after the discov-
ery of mercury superconductivity in 1911. This rep-
resented an important experimental breakthrough and
demonstrated, among other things, that superconductors
cannot be seen as perfect classical conductors. This ef-
fect is well-described by phenomenological theories like
the celebrated London equations. We observe however
that its microscopic origin is far from being fully under-
stood almost eighty years later. In other words, there is
no rigorous microscopic foundation of the Meifiner effect
starting from first principles of quantum mechanics only.

In our papers [1, 2] we have recently showed, from a
microscopic theory, a weak version of the Meifiner ef-
fect defined by the absence of magnetization in presence
of superconductivity, provided the (space-homogeneous)
external magnetic induction does not reach a critical
value. [3, Section 6.2] extends these results to space—
inhomogeneous magnetic inductions. Nevertheless, the
(full) Meifiner effect also includes the existence of cur-
rents, concentrated near the surface of the bulk, which
annihilate the total magnetic induction inside the super-
conductor. This phenomenon has not been analyzed in
[1-3]. Such a study is the main subject of the present
paper.

We base our microscopic theory on the strong—coupling
BCS-Hubbard model with a self-generated magnetic in-
duction, which is driven by a space-inhomogeneous ex-
ternal magnetic induction. Indeed, the strong—coupling
BCS—Hubbard model at fixed magnetic induction shows
qualitatively the same density dependency of the crit-
ical temperature observed in high—7, superconductors
[1, 2]. Depending on the choice of parameters, prop-
erties of conventional superconductors are also qualita-
tively well-described by such a model. These assertions
[1, 2] directly result from the method described in [4],
which gives access to domains of the phase diagram usu-
ally difficult to reach via other standard mathematical
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tools.

The analysis of the (full) Meifiner effect from first prin-
ciples of quantum mechanics is highly non—trivial and in
the present paper we provide results concerning the free—
energy, taking into account contributions of the mag-
netic energy due to currents. Note indeed that Gibbs
states of the model under consideration do not mani-
fest currents, at least for space-homogeneous external
magnetic inductions. By adding a magnetic term to the
usual free—energy density (similar to [5, Eq. (2.11)]), our
results show that the minimizers of this new magnetic
free—energy can create surface currents which annihilate
the total magnetic induction inside the bulk, in the ther-
modynamic limit. The corresponding Euler—Lagrange
equations for these minimizers seem to indicate that an
effective magnetic susceptibility equal to —1 is not the
mechanism behind the Meifiner effect.

Note that such magnetic free—energy minimizing states
should be, in some sense, stable with respect to dynam-
ics to be named equilibrium states. Their existence is
only a necessary condition to have the Meifiner effect.
Indeed, also for high temperatures, we can have mini-
mizers of the magnetic free—energy density suppressing
the magnetic induction within the bulk. This comes
from the fact that the finite volume system can pro-
duce any current density by creating local superconduct-
ing patches within a negligible volume. Therefore, we
conjecture that the quantum dynamics rapidly destroys
all currents in the non—superconducting phase. In par-
ticular, the second step will be to show the dynamical
instability /stability of such a phenomenon in the non-
superconducting/superconducting phase. Such an analy-
sis is not performed here because it requires an extension
of [4] to include dynamics. We postpone it to a further
paper.

Finally, note that thermodynamic studies of the
Meifiner effect have been performed in [5, 6] from an
axiomatic point of view. They are based on assump-
tions, not proven for some concrete microscopic model,
like the existence of equilibrium states with off-diagonal
long range order. In the same spirit, we also discuss
some model independent conditions for the existence of
the Meifner effect in Section VI.

The present paper is organized as follows. In Section
IT we set up the quantum many—body problem at fixed
magnetic induction and give one important result con-



cerning the possibility of having currents with no energy
cost in the thermodynamic limit. Section III explains the
Biot—Savart operator used to define magnetic inductions
from currents. The self-generated magnetic induction is
then discussed in Section IV to obtain a proper definition
of the magnetic free—energy density. The Meifiner effect
is finally discussed in Sections V and VI. Section VII
explains in detail all technical proofs required to show
the assertions of previous sections. Our main result is
Theorem 12.

Notation 1 (Norms)
For any © = (z1,72,23) € R3, |z| := /2% + 22 + 22.
For any subset A C Z, |A| is by definition the cardinality
of A. For any p € N, || — ||, stands for the LP-norm,
whereas || — || is the operator norm. Additionally, || — ||
denotes the trace norm.

II. THERMODYNAMIC STABILITY OF
CURRENTS

The host material for superconducting electrons is as-
sumed to be a (perfect) cubic crystal. Other lattices
could also be studied, but for simplicity we refrain from
considering them. The unit of length is chosen so that
the lattice spacing in this crystal is exactly 1. We thus
use Z3 to represent the crystal. Our microscopic the-
ory is based on the strong coupling BCS-Hubbard model
studied in [1, 2].

In absence of magnetic induction, it is defined in the
box A; := {Z N [~1,1 — 1]} of side length 2[ for [ € N by
the Hamiltonian
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with real parameters y, A € R and v € R (i.e., v > 0).
The operator aj  resp. a; s creates resp. annihilates a
fermion with spin s € {1, ]} at lattice position x € Z3
whereas n, ¢ 1= a;‘cysaw,s is the particle number operator
at position = and spin s.

The first term of the right hand side of (1) represents
the strong coupling limit of the kinetic energy, with u
being the chemical potential of the system. Note that
this “strong coupling limit” is also called “atomic limit”
in the context of the Hubbard model. See, e.g., [7, 8]. For
further discussions, we also strongly recommend Section
VI (ct. 2.).

The second term in the right hand side of (1) represents
the (screened) Coulomb repulsion as in the celebrated
Hubbard model. So, the parameter A should be taken as
a positive number but our results are also valid for any
real Hubbard coupling A € R.

The last term is the BCS interaction written in the

r—space since
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with Aj being the reciprocal lattice of quasi-momenta
and where @, is the corresponding annihilation opera-
tor for s € {1,1} and ¢ € Aj. Observe that the ther-
modynamics of the model for v = 0 can easily be com-
puted. Therefore, we restrict the analysis to the case
~v € R*. Note also that the BCS interaction can imply a
superconducting phase. The mediator implying this ef-
fective interaction does not matter here, i.e., it could be
a phonon, as in conventional type I superconductors, or
anything else.

We now fix a magnetic induction B € L?(€; R3), where
¢ := [-1/2,1/2]3. The strong coupling BCS-Hubbard
model with space—inhomogeneous magnetic induction is
then defined by H; := T; + M; with
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for any fixed parameter ¥ € RT (¢ > 0) and
B(t) = (by (1), b2 (1) , b3 () €R?

for t € € almost everywhere (a.e.). Indeed, the terms of
M correspond to the interaction between spins and the
total magnetic induction B((x + y)/(2l)) within a unit
cell € around = € A;.

Note that, for continuous fields B € C°(¢;R3) and in
the thermodynamic limit I — oo,
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If B is continuous, then we can equivalently take either
(a) the integral of B((x 4+ y)/(2)) (with respect to y) in
the unit cell € or (b) the value B(x/(20)) in the definition
of M. In fact, the thermodynamic limit of both systems
(a)—(b) are identical for continuous magnetic inductions
B € O%¢;R?) (cf. Section VII), but an extension of
our results to all B € L%(¢;R?) leads us to consider the
definition (a) in (2) and not (b). Additionally, (a) is
also more natural if one considers B as an effective field
coming from a quantum magnetic induction. See, e.g.,
4]

The scaling factor (21)~! used in (2) means that the
space fluctuations of the inhomogeneous magnetic induc-
tion involve a macroscopic number of lattice sites. This
obviously does not prevent the space scale of these fluc-
tuations from being extremely small as compared to the



side-length 2I of the box A;. Similarly, we could also
model mesoscopic fluctuations meaning that — in the
thermodynamic limit — the space scale of inhomogeneities
is infinitesimal with respect to the box side-length 2I
whereas the lattice spacing is infinitesimal with respect
to the space scale of inhomogeneities. See, e.g., [3, Sect.
5]. Microscopic fluctuations can also be handled pro-
vided they are periodic, see [3, Sect. 3]. Both situations
(or any combination of them with the macroscopic one)
are however omitted to simplify discussions and proofs.

We observe that T;, M; and H; = T; + M; belong
to the CAR C*-algebra U,, with identity 1 and gen-
erators {azs}een, sefty} satisfying the canonical anti-
commutation relations (CAR):
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Uy, is isomorphic to the C*—algebra L£(/\ Hy,) of all lin-
ear operators on the fermion Fock space A H,,, where

=P H. . (5)
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Here, for every z € Z3, H, is a copy of some fixed
two dimensional Hilbert space H with orthonormal basis
{I 1), {)}. States on the C*—algebra Uy, are linear func-
tionals p € Uy, which are positive, i.e., for all A € Uy,,
p(A*A) > 0, and normalized, i.e., p(1) = 1. We denote
by Ex, C Uy, the set of all states on Uy, for any [ € N.

It is well-known that the physics of the system at
thermodynamical equilibrium is given by the Gibbs state
g1 € Ey, defined by

91 (A) == Traceay,, (dg, 4) , A €U, , (6)
with density matrix
e~ AH:
dg, := 7
8 Traceny,, (e=PH) @

for any inverse temperature 5 € R and [ € N. Indeed,
given any state p € Ej, on Uy,, the energy observable
H; = H} € Uy, fixes the finite volume free-energy den-
sity

fi(B,p) == A" p(H) — 87 Si(p)} (8)

at fixed magnetic induction B € L?(¢;R?) and inverse
temperature 3 € R for any Il € N. If B € L? =
L2(R%R?), then we set fy(B,p) = fi(Ble,p). The first
term in f; is the mean energy per unit of volume of the
physical system found in the state p € Ej,, whereas S;
is the von Neumann entropy defined, for all p € E,,, by

Si(p) := Tracenn,, (n(dy)) 0. 9)

Here, n(t) := —tlog(t) for t € R, n(0) := 0, and d,
is the density matrix of p € Ej,. The state of a sys-
tem in thermal equilibrium and at fixed mean energy per

unit of volume maximizes the entropy, by the second law
of thermodynamics. Therefore, it minimizes the free—
energy density functional p — f;(B, p). Such well-known
arguments lead to the study of the variational problem
inf f; (B, E,). The value of this variational problem is
directly related to the so—called pressure p; (B) as

p (B) = (ﬂ|Al|)_llnTraceAHAl (e=PH1)
=— inf fi(B,p) (10)
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for any magnetic induction B € L?(¢;R?). (If B € L2,
then p;(B) = pi(Bl¢).) For any 8 € RT and [ € N, the
unique solution of this variational problem is precisely
the Gibbs state g; € Ea, (6)—(7). This fact is named
in the literature the passivity of Gibbs states and is a
consequence of Jensen’s inequality.

Our microscopic approach to the Meifiner effect re-
quires a definition of (charged) currents. Indeed, we
would like to study the existence of currents near the
surface of the bulk of the model. To this end, we note
that, for all x € Ay,
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The quantum observable describing the (charged) current
from x to y is thus defined by

4y -
= m Im( z,ﬁ%,Wy,Wm) (11)

for any z,y € A;. These current observables naturally
give rise to a magnetic induction functional which we
define below by using the Biot—Savart law.

Indeed, given any state p € Ej,, we interpret the real
number p(I "Y) as the current passing from = to y. We
use this observation to define a current density induced
by the system in the state p. One expects that the full
current p (IY) between z and y is smoothly distributed
in some region of size |z — y| around (z +y)/2. The cur-
rent profile is fixed by an arbitrary smooth, compactly
supported, spherical symmetric and non—negative func-
tion £ € C§° = C§°(R3; R3) such that £ (0) >0

E(t)d3 =1 and / €(0,tg, t3) dtodty = 1. (12)
R3 R2

For any [ € N, the current density induced by the system
in the state p € Ej, at z € R? is defined by

_ ytz
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It defines a map j from FEj,, to the real vector space
Cg° of compactly supported smooth fields. This map is
named here the current density functional of the box A;.
Observe that the second condition of (12) ensures that
the flow of the field

Y x — 4= Y,z
3 E P (Il )
|z —y |z =yl
through the hyperplane perpendicular to z—y at (y+2)/2
equals the full current p (I/"*) passing from y to z.

As we are interested in magnetic effects induced by the
quantum system, for any state p € Ej,, we shall consider
the smooth magnetic induction B, € C* = C*(R?* R?)
created by the current density j, together with some fixed
external magnetic induction Bey;. Its definition uses the
Biot—Savart operator S (Section III) and requires further
explanations given in Section IV. We only note at this
point that the smooth magnetic induction B, has to be
rescaled in order to be compared to B, see (2). We thus

define the rescaled magnetic induction Bf,l) € C*° by

BY (t):=B,(2lt) , teR®, (14)

for all I € N. Keeping in mind the Biot—Savart law (cf.
(47)), we similarly need to define a rescaled current den-

sity j,(,l) € C§° from the current density j, as follows:

GV =21 j,(20t) , teR?, (15)
for all Il € N and p € E,,. Here, the support
supp(j)) == {t e R® = j(¢) # 0} (16)

ofj,gl) is contained in a sufficiently large box [~ L, L]* D €
which depends on the size of the support of the function
& used in the definition of j, but not on the length [ € N.
However, because of the prefactor |A;|~! in the definition
(11) of current observables, j,(,l)
inside €, as [ — o0.

The system also shows magnetization due to spinning
charged particles, electrons in our case. The magnetiza-
tion observables are seen as coordinates of an observable
vector M® := (m¥, m%, m%) where, for all z € Z?,

is strongly concentrated
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For any strictly positive fixed parameter ¢ € RT, let

=€’ E(c)

Then, for any [ € N and p € E,,, we define the coarse—
grained magnetization density at x € R3 by

1 - [T~y
m Z ':*e< 2 >P(My)7
yeEN;
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teR3. (18)

pr—m,(x):=
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where

Ee(t)::/€56<t—%>dz7 teR3,

for any € € R*, whereas

p(M7) = (p(mf) , pl(m3), p(mf)) €R* . (20)

It is again a map from E,, to C§°. Similar to the rescaled
magnetic induction B,(,l) € C°, the rescaled magnetiza-
tion density is defined by

mg) () :==m, (2lt) , teR?, (21)
for any state p € Ejy,.

The use of =, in the definition of the magnetization
density is technically convenient but not essential for our
analysis. It is only a specific choice of a function with in-
tegral equal to 1 that implements the coarse—graining of
the magnetization. The first condition of (12) ensures in-
deed that the full magnetization produced by one lattice
site x € A; equals p (M?®).

The restriction

(21)71 y+supp(E) C €

in the definition of m, guarantees that supp(mg)) cc
This is also technically convenient. We add that the scal-
ing factor (21)~! in (19) means that m(pl) € C§° is a
macroscopic magnetization, used in Section IV to define
the (also macroscopic) self-generated magnetic induction

By) via the Maxwell equations in matter.

Remark 2 (Coarse—graining of the magnetization)

The coarse—grained magnetization density m,(ol) is defined
for all € € RT. However, we are only interested in the
case where the space-scale of the coarse—graining of mg)
is very small as compared to the side length of the unit
box €. This corresponds to take € << e¢ := 1/(2R¢) with

Re :=sup{|z|: & (x) #0} € RT (22)

being the radius of the support of the function & € C§°.

Remark 3 (Smooth from discrete)

The quantum many—body problem considered here uses
discrete space coordinates. On the other hand, the
Mazwell equations require differentiable fields. We have
thus defined smooth magnetization and current densities
Mp, Jp ON R3. The latter is done without introducing any
arbitrariness in our thermodynamic results since we take
e — 0% after the thermodynamic limit | — co. The ther-
modynamics then becomes independent of the choice of

£e 0.

We give now one of our main (technical) result about
the creation of any smooth current density without en-
ergy costs:



Theorem 4 (Thermodynamic stability of currents)
For every B € L?(€;R3) and any smooth current density
j € C(&;R3), there are states p, € Ep, for | € N
satisfying

lim | fy (B, p,) — inf fi(B,p)| =0
Jim £ (B, pr) = inf fi(B,p)|

(cf- (8)-(9)) as well as

lim sup |jl(,ll)(t) —j®]=0.
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Proof. The proof is a direct consequence of Lemmata 19
and 20 with, for instance, n- = 0.8 and n = 0.95. In-
deed, for any j; € C$°(R3;R), we construct in Lemma 20
a sequence {p;}ien of approximating minimizers which
creates in the thermodynamic limit a current density
(j1(1),0,0) at rescaled (macroscopic) position t € €. In
the same way, one constructs a sequence of approximat-
ing minimizers which creates in the thermodynamic limit
a current density (0, j2(t),0) or (0,0,j3(t)) at t € €. Using
the convexity of the free—energy density and the affinity
of the current density functional p +— j, together with
a convex combination of such three approximating mini-
mizers, one proves the assertion. O

Remark 5 (Dynamical stability of currents)

The proof of Theorem 4 is based on the existence of meso-
scopic superconducting domains in the (macroscopic)
bulk, see (111)-(113). Therefore, we expect that the
quantum dynamics rapidly destroys all currents j,, in the
non—superconducting phase, even if this dynamics does
not change the free—energy density.

Theorem 4 shows that the macroscopic system can cre-
ate any smooth current density j by paying an infinites-
imal energy price in the thermodynamic limit. Indeed,
{p;}1en is a sequence of approximating minimizers of the
free—energy density functional p — f;(B, p) in the ther-
modynamic limit [ — oco. Therefore, one could use this
phenomenon to create currents near the surface of the
bulk which annihilate the magnetic induction inside the
box A;. This fact suggests the existence of a Meifiner
effect for the model under consideration.

Note however that the true minimizer of the free en-
ergy density, i.e., the Gibbs state (6)—(7), does not man-
ifest any current, at least for space-homogeneous mag-
netic inductions B on €. This can be seen by using the
symmetry properties of the model H;. Therefore, one
should also take into account the energy carried by the
total magnetic induction, by adding a magnetic term to
the free—energy density. Minimizers of this new magnetic
free—energy density functional do carry currents, in gen-
eral.

Such a magnetic term is introduced in Section IV, after
the definition of the Biot—Savart operator S given in the
next section.

IIT. THE BIOT-SAVART OPERATOR

The energy contained in the static configuration B of
the total magnetic induction is given as usual by

1 1
Emag(B) := 5 B == /R B(t)[* d’t . (23)

2
See, e.g., [9, Chap. 5, 6] for an interesting derivation of
the magnetic energy. As a consequence, we only consider
magnetic inductions B which belong to the (real) Hilbert
space L? = L?(R3;R?) with L>norm || — ||2 and scalar
product defined by

(B1,Ba), ::/ By (t) By (t)d®t, By,ByeL?. (24)
R3

A dense set of L? is of course given by the real vector
space C§° = C5°(R?; R?) of compactly supported smooth
fields.

Units have here been chosen so that the magnetic per-
meability of free space equals 1, keeping in mind that the
unit of length is already fixed to have a lattice spacing
also equal to 1. Hence, a static magnetic induction B
and a current density j satisfy in our units the Maxwell
equation V x B = j.

Now therefore, the natural Hilbert space $ of current
densities is defined as follows:

.. 1 J1 (t)'jZ (5) 3, 13 ..
, = ——=—d’td’s, ji,j2 € C5°,
(J1,J2) 477/]1@/]1&3 it s| S, J15J2 0

defines a (energy) scalar product in the real vector space
C§° of compactly supported smooth current densities.
This is easily seen by using the Fourier transform F'. In
particular, the (magnetic energy) norm

lilly = Gy ™ . FECE (25)
clearly satisfies the parallelogram identity and we define
the Hilbert space $ = (9, (—, —)g) to be the comple-
tion of (CF°, (=, =) ). The divergence—free subspaces of
respectively $ and L? are isomorphic as Hilbert spaces.
One natural isomorphism is given by the Biot—Savart op-
erator S defined below.

Observe that the Fourier transform F' defines a unitary
map from $ to L2(R?, |k| 7% d®k; R3). Since

L2(R3, |k|2d%k; R3) — L2(R?, (|k|? +1)"1d®k; R?) |

) can be seen as a subspace of distributions in
W=L2(R3;R?), where W~12(R3;R3) is the dual of the
Sobolev space W12(R3;R3). The energy interpretation
of the expression defining the norm || — || above is well-
known (see (38) below). Nevertheless, remark that, at
least to our knowledge, the space $ does not seem to
have been previously used in a similar context.

Note further that, for any arbitrary smooth compactly
supported field ¥ € C§°, there is a unique (Helmholtz)



decomposition ¥ = ¥l 4+ W+ with Wl ¥+ € C> (not nec-
essarily compactly supported), V x Wl =0, V. ¥t =0,
and l(t), U+(t) — 0, as |f| — co. Moreover, ¥t is
the curl of some smooth field whereas ¥l is the gradi-
ent of a smooth function. This well-known result is the
Helmholtz (decomposition) theorem. See, e.g., [10, Sec-
tion 9.2, Theorem 3]. The fields ¥/l and ¥ are some-
times called the longitudinal and transverse components
of U, respectively.

Indeed, for any j € Cg°, jl = Plj and j+ = Ptj,
where PIl, PL are the orthogonal projections respectively
defined in Fourier space by

FWM@wzélkfwum, (26)
FPHW%—FMHM—éghFM%% (27)

for k € R? and all current densities j in the dense subset
Cg° C 9. Recall that F' stands for the Fourier transform.
Straightforward computations show that Pllj, PLj e ¢
are smooth functions satisfying

vx[Pljl=0, Vv-[PYj]=0,

and [Pl](t), [P*4](t) = 0, as [t| — oc.

We denote again by Pl and P the unique orthogonal
projections with ranges being respectively the closures of
PICg and PLCg° in . The sets Pl and PL§ are
clearly orthogonal. In fact, these projections can still be
explicitly defined a.e. by (26)—(27) for any j € $. The
same construction can be carried out in L? and so, Pl
and P+ are also seen as mutually orthogonal projections
acting on L2. In fact,

9=Plogeprts, L?

In other words, P+ =1 — Pl and PL Pl
operators acting either on § or L2.

We define now the restricted Biot—Savart operator Sy
on the dense set C§° C § of smooth, compactly sup-
ported current densities j € C5° by

L[ (X))
1}44““**

|t — s
In Fourier space, for any j € Cg°,

ik

=Pl?e ptr?. (28)
= PlpL =0as

So(4) () == s, teR®. (29)

F[So (j)](k)szF[j](k) , keR. (30)
Using the elementary equality
OX (I xP)=(0-0)¥ —(0-T)D
together with (27), we remark that
ik x FISy ()|(k) = FIPL{(k), keR . (31)

In other words, Sp(j) and j satisfy the (generalized)
Maxwell equation

V x8(j) =17 JeCy . (32)

Additionally, we infer from (30) that
V.S()=0, jecy. (33)

The restricted Biot—Savart operator Sy also maps the
dense set C5° C $ of current densities to the space L2 of
magnetic inductions. Indeed, for any ji, jo € C§°,

/ So(j1)(

with the vector potential

(So(41): So(42)) [V x A(j2) (t)]d%t

. 1 J2(8) 3 3
t) == — d teR”. 34
A (0= 1= [ ZEats . e (34
By using the well-known identity
V- (IxP)=P- VXV -T-VxI (35)

for smooth fields ¥, ® € C'°, the Maxwell equation (32),
the Gauss Theorem, and decay of Sp(j1)(t) x A (j2) (t) as
[t| = oo, one gets

(S-Sl = [ |1V % Suli)0] - A G) (9

= [ - A
R
The above computation is standard. Since Pll, PL are

mutually orthogonal projections acting on §), we infer
from the last equality that

(So(J1),So(42)) = <j1l7j2l>ﬁ’ J1.j2 € C5T . (36)

Therefore, we can extend Sy to a bounded operator S
acting on $), named the Biot-Savart operator. By (36),
the operator S restricted to P1§ is an isometry:

(8(1):S(G2))y = (Jid2 )g » d1sd2€H.  (37)
In particular,
. 1 . 1.2 .
Emag(s(.])) = 5 HS(j)Hg = 5 H]lHyJ , J € . (38)

Clearly, ker S = Pll9), ie., S(j) = S(j1).

Note that Equality (30) can be extended to all j € $
because the Fourier transform F' is a unitary map from
$ to L2(R3, |k| "2 d3k; R3). In other words, for all j € §),

FIS()I(k) = —5 x F[jI(k), k€ R® (ae). (39)

Ikf?

Since (27) holds on the whole space $), we can also extend
(32) to get

ik x FIS()](k) = FIPHjl(k) , keR® (ae.),
for all j € $), where
F[P+j] € L*(R®, |k| 7% d®k; R?) .



Consequently, the curl Vx, which is seen here as an op-
erator from the Hilbert space P-L? to P*$), defined in
Fourier space by ikx is the left inverse of S on the sub-
space P1§ of divergence—free currents. In particular,
S(j) and j satisfy the (generalized) Maxwell equation

jEH. (40)

Analogously, one shows that Vx : PLL? — P1§ is
the right inverse of S|piy2:

Vx8@) =",

S(VxB)=B, BeP'L?.
In particular, by (37), S : P1$ — P1L? is an isomor-
phism of Hilbert spaces.

Similar to (33), one can use (39) to get also that

V-8(j)=0, jeN,
i.e., S(H) C PLL2 Here, V- is defined in Fourier space
by ik- .

For further details on the Biot—Savart operator we rec-
ommend [11] where the latter is studied on the euclidean
space R3. The results of [11] are also extended to the
three—dimensional sphere in [12]. Note, however, that in
[11, 12] the magnetic induction is restricted to bounded
domains and the energy norm || — || is not used. For
example, in [11], the Biot-Savart operator is seen as a
map from the Hilbert space L?(A;R3) to L%(A;R3) with
A C R? and |A] < 0.

Remark 6 (Vector potentials)

To any j € C&° we associate a vector potential A(j) €
C® as defined by (34). The definition of vector potentials
A(j) for all j € $ is given in Section VIIA. In this
case, A(j) is not anymore a function but a distribution,
in general.

IV. MAGNETIC FREE-ENERGY DENSITY

We fix a smooth external magnetic induction Bey €
C> = C°°(R3;R?) that fulfills the Maxwell equation V -
Bext = 0 and has a finite magnetic energy:

1

1 2 2
Emag(Bext) = 5 ||BextH2 = i/RS |Bext (t)| d3t < 00 .

This field results from some fixed divergence—free current
density jext, outside the electron (quantum) system.

More precisely, Bext = So(jext) for jexs € C5° N PL6H
with compact support

Cjext() £ 0} CR\E . (41)

Recall that Sy is the restricted Biot—Savart operator de-
fined by (29), whereas € := [~1/2,1/2]3. Note that the
assumption Beyy € C° is clearly not necessary since the
Biot—Savart operator S is defined for all j € $. This
stronger assumption is only used to simplify arguments
using the usual Maxwell equations.

supp(jext) = {t € R?

The external magnetic induction Beyy can produce a
magnetization density mg) in the system. The latter can
happen, for instance, if one assumes that B = Bey #
0 in (2) and p = g; is the corresponding Gibbs state.
However, there is no reason for the magnetic induction

(Bext + mE,l)) to satisfy Gauss’s law for magnetism V -

(Bext + m(pl)) = 0 when m(pl) # 0. On the other hand,
in magnetostatics the total magnetic induction Bgl) of

the system must always satisfy V - Bﬁl) = 0. Observe
moreover that spins of electrons interact with the total
magnetic induction within the material and not only with
the external magnetic induction Beyt. In other words, one
must take B = B,gl) in (2) and not B = Beyt. Therefore,

it is crucial to properly define a total magnetic induction

B;()l) of the system satisfying V - Bf()l)

pE EAL .

It is well-known that the magnetization density mg) €
Cg° creates an effective current density, named bound
current density, defined by

= 0 for any state

3% = vxm) (42)

(Recall that units have here been chosen so that the mag-
netic permeability of free space equals 1.)

Remark 7 (Transverse projection of mg))
As jﬁ,?p € C§°, by (32) and [10, Section 9.2, Theorem 2],
So(jS,?p) s the unique smooth divergence—free field satis-

fying V x Sy (jﬁ,?p) = j%)p. By definition of the bound cur-

rent density jg,ll)p, So(js,ll)p) = (mg))l must be the trans-

verse component (mg))l of mg) € C&°. In particular,
the longitudinal component (mg))” has no effect on the

total magnetic induction.

Using Maxwell-Ampere’s law, one then gets that the
total magnetic induction B,()l) must satisfy the equation

oD,

n_ g0
on R3, where
T =0 450 4 jexs € CFF° (44)

is the total current density and j,()l) is the rescaled internal
(free) current density (15), whereas D, is the electric
induction produced by the system in the state p € Ej,.

If, at fixed time, (Jp(l) + 0D,/0t) € Cg° then there
is a unique Bf,l) € O satisfying the Maxwell equations
V- B =0 and (43) with B () = 0, as |t| = co. This
unique magnetic induction is given, for any p € E4, and
l € N, by

B = 8 (JV + 0D, /0t) . (45)

For more details, we again recommend [10, Section 9.2,
Theorem 2].



Note that V - jﬁ,ﬂ{, = 0 because j£,?,, is the curl of mg),
whereas V - jext = 0, by assumption. In other words,
(j,(ql@)p) = (j,(fl)p)J- and jext = jou- See the discussion in
Section III about the Helmholtz theorem. The current
density j,(,l) € C§° (15) has generally a non-trivial de-
composition: the rescaled longitudinal component ( jf(,l))“
could be non—zero, i.e., V -j,()l) # 0. Because of (43), one
must have

oD I rop,\! I
0=|=4+7J S ( '(l)) ) 46
(f%“) (at)”P (46)
In particular, only the divergence—free part j ;- of the cur-

rent density functional j, € Cg§° (13) is relevant with

respect to the total magnetic induction Bf,l).

As we are interested in the system at equilibrium, it is
natural to consider the stationary case. In particular, the

electric induction D, should be constant in time, i.e., we

shall assume that 0D,/0t = 0. As a consequence, (jgl))H

should vanish, to be consistent with (46). Because of
the discrete nature of the system under consideration,

(jf(,l))” is generally not exactly zero at fixed [ € N, but

the energy norm ||(j,(,l))” | is taken below as arbitrarily
small at large | € N, see (52).

In any case, the total magnetic induction functional is
thus defined, for any p € E), and [ € N, by

B/()l) = SO(]él) + ]7(711),1 +jext) eC= ’ (47)

see (45) with 0D, /0t = 0. By definition of the operator
So, (47) corresponds to the Biot—Savart law which gives
the total magnetic induction B,()l) of the system from the
total current density J,(,l). By construction, it is an affine
map from F,, to C§° satisfying V - By) =0, cf. (33).
Using the linearity of the (restricted) Biot—Savart oper-
ator Sp, Remark 7, Sg = SoP* and Beyxy = So(jext), we
observe that

B = So((G§)5) + (m{)* + Bexe  (48)
and, by (32), its curl equals
V x BY = (JO) = GO) 48+ joxs

for any p € Ej, and [ € N.
Using the magnetic energy Ena.e defined by (23), we
then finally introduce a magnetic, finite volume free—

energy density functional ]-'l(e) defined, for any [ € N
and strictly positive parameter ¢ € R™, by

p = F ) = £i(0,0) = (BP,mDYs 4 Erag(BY) (49)

on the set Fj, of states. Here, —(Bf,”,mf,”)z is the
magnetic interaction energy per unit of volume, whereas

Emag(Bgl)) is the magnetic energy of B, per unit of vol-
ume. Indeed, by (23)—(24),

l
Brmag(Bp) = |Ai| Bunag (BY)

A (50)
(Bpymp)a = |A(BY,my)s

are respectively the magnetic energy of B, (14) and, up
to a minus sign, the magnetic interaction energy with
the system in the state p. Note that .7-';6) is defined for
all € € Rt, but we are interested in the situation where
€ << €¢ is an arbitrarily small parameter, see Remark 2.

Our choice of the magnetic interaction energy is con-
sistent with (42) and (48). This interaction energy can
equivalently be seen as a quantum magnetic interac-
tion energy with the divergence—free magnetic induction

BY x ¢, as

£1(0,p) = (BY ,mPD)y = fi(BY x€.,p)  (51)

for any e € RT, [ € N and all states p € Fy,. Recall that
&, € CF° is defined by (18).

Note that a similar conceptual approach based on self—
generated magnetic fields has been recently used in [13]
to study electrons in atoms. See also [14, 15].

Remark 8 (The Eél) = 0 assumption)

Let Egl) be the rescaled static electric field induced by the
system in the state p. Considering a purely magnetic
energy implicitly corresponds to the situation where E,(;l)
vanishes. One cannot expect this if the electron density is
non—constant in space. One consequence of our analysis
is that the electron density corresponding to minimizers
of ]:l(e) is space—homogeneous within the superconducting
regime, at large | € N and small € << e¢ (cf. Remark
2). See discussions below Theorem 12 as well as Equa-
tion (89) with hy = 0. Thus, the a priori assumption
Egl) = 0 is justified within such a phase because of the

electric neutrality of matter. In fact, minimizers of ]-"l(e)
with space-homogeneous electron density (as ¢ — 07)
must also minimize the electromagnetic free—energy den-
sity functional

€ € 4
po 70+ [ IEDOF &

in the limit € — 0F. (Here, €q is the relative permittivity
of free space.) In the non—superconducting phase, this
assumption is generally not consistent with the structure

of minimizers of ]:l(e).

V. THERMODYNAMICS OF THE MEISSNER
EFFECT

We analyze now the thermodynamics corresponding to
the magnetic free—energy density functional ]-"l(e) defined,
for any [ € N and € € R*, by (49) on the set E,, of
states. In finite volume, equilibrium states w.; € Ej,
should minimize this functional.

We expect moreover their associated currents jge),l to
be divergence—free in the limit [ — oo. Indeed, the sys-
tem should not be able, at thermodynamical equilibrium,
to transmit energy in form of electromagnetic waves, i.e.,



the generated electromagnetic field should be static. The
latter is consistent with (46) and the stationarity assump-
tion 0D,/0t = 0. As a consequence, we only consider

states creating quasi—divergence—free currents j,(;l), that
is, states which belong to the set

B o= {pe Ba G s <177} (52)

for some small, but strictly positive parameter s € R™T.
(For instance, take s« < 0.05 with - = 0.8 and n = 0.95,
see proof of Theorem 4.) It means in the thermodynamic
limit [ — oo that, for all p € E,J;l, the current density jf,l)
is divergence—free in the sense of the energy norm.

By (37)—(38) together with (42) and (47) note that, for

any p € Ep, and [ € N,

1

F o) = £1(0.p) = (I3 )5 + 5

ICTEDIE

where J,()Z) is the total current density defined by (44)
with transverse component (JS)t = PLJP. If p ¢
EAL\E,J;l then one should consider the energy of the in-
duced electric field, but we refrain from considering this
case in order to keep technical aspects as simple as pos-
sible. See also Remark 8.

Therefore, we shall consider the variational problem

'Pl(e) = — inf ]-'l(e) (p),

leN, ecRY.  (53)
PEEY,
The value Pl(g) is named finite volume magnetic pres-

sure by analogy with (10). Recall that the functionals
p— B,()l) and p — m(pl) are affine. Hence, they are both
continuous maps from E,{L to L?, by finite dimensional-

ity of EI{Z. The map p — f;(0,p) from EI{Z to R is also

continuous. Therefore, the functional ]-'l(e) is continuous
on E,{-l for every | € N, € € RT, and by compactness of
El{-l and the Weierstrafl theorem, the set

o = fuae By FO ) = i 7))

PEEY,

(54)
of finite volume minimizers is non—empty for any [ € N
and ¢ € RT. In general, such minimizers are not Gibbs
states g; € Ep, for B = By), see (6)—(7). Moreover,
]-'l(e) is a priori not a convex functional on E/{l, ie., its
minimizer may not be unique.

Remark 9 (Quantum magnetic fields)

Considering a quantum (electro—) magnetic field interact-
ing with the quantum system defined by H;, we should ob-
tain a convex free—energy density functional. In this con-
text, ]-"l(e) may be seen as an approximating free—energy
density functional and elements of Ql(e) as extreme states
of the fully quantum system, as | — oo, € — 07. An
analogue situation is found in [4] where .7-'1(6) would play

the réle of [4, Definition 2.6]. In particular, one shall

instead consider the I'—regularization of .7-'1(6) on Ep, and
the new set of minimizers would then be the closed convex
hull of Ql(e), see [16, Theorem 1.4]. However, in order
to keep mathematical aspects as sitmple as possible, we
refrain from considering such a framework.

The aim of the present section is to analyze the ther-
modynamics of the quantum system under consideration
with a self-generated magnetic induction in relation with
the existence of the Meifiner effect. To this end, we first
observe that the thermodynamic pressure

B = peo (B) := limpy (B) < o0 (55)

is a well-defined continuous map from L? to R. Its main
properties are given by Theorem 15. Similarly, the ther-
modynamic limit

PY = lim P < oo

of the magnetic pressure Pl(e) exists for all € € RT, see
Theorem 31. It is given by a variational problem over a
closed subspace B C P+ L? defined as follows: Consider
the set

J = C (R N Py (56)

of divergence—free smooth current densities supported in
€. Recall that Sy is the restricted Biot—Savart operator
defined by (29). Then, we denote by

B:=8y(J)cC P+L? (57)

the closure of the set So(J) C C*° in the weak topology
of L2.

We focus on the Meifiner effect, that is, the existence
of superconducting states w¢; € Ql(e) with self-generated
magnetic inductions B&)J which vanish inside the unit
box € while being created by currents supported on the
boundary O¢€ of €, in the limit ¢ — 07 after | — oo.
Indeed, we analyze in the limit ¢ — 0% the sets Bgi)
defined by

B =

{we,ihienCc 209

B ({wei}ien) (58)

for any e € RT. Here, 2(9 is the set of all sequences
{we, 1 }ien with we; € Ql(e), and Bgi) ({we1}ien) are the
sets of all weak (—) and norm (+) cluster points of
{BLEJZE),L}IEN~

Using Theorem 15 (ii) and PL) < oo, one verifies the
existence of a radius R € RT such that ||B£,l), o <R
for all e € RT, I € N and we; € Ql(e). Because of the
Banach—Alaoglu theorem and the separability of L2, the
set {Bff

) : ; .
E,l}l ENween® 18 sequentially weak-precompact



and ]B%E*) is not empty. Therefore, one primary aim is
to prove that elements of IB%E_) can vanish inside the unit
box € while being created by currents supported on the
boundary 0€ of €, in the limit ¢ — 0.

As explained in Remark 3, we take the limit ¢ — 0%
after [ — oo to avoid any arbitrariness. We thus define
the infinite volume magnetic pressure by

P := lim P9 < o0 . (59)

e—0t

This pressure exists and equals:

Theorem 10 (Thermodynamics)
Let Bext = So(jext) With jexy € C§° N PL$. Then :
(i) The infinite volume magnetic pressure equals

1
Poo = sup {_2 ||B + Bext”i + Poo (B + Bext)} .
BeB

(i) For any e € RT,

B, := B!

€

+):B£7)§£®.

(iii) For any family {B¢}cer+ with B. € B,

1
lim {2||Be + Bext|3 + poo(Be + Bext)} =P -

e—0t

Proof. (i) is Corollary 32. (ii)—(iii) result from Lemma
29 and Corollary 33. O

Remark 11 (Existence of maximizer(s))
As explained in Section VIIC, the variational problem
Poo could have no mazximizer. Indeed, the map

1
B G(B):= D) B+ Bext”; + Poo (B + Bext)

from B to R is neither concave nor upper Ssemi—
continuous in the weak topology. However, under certain
conditions, we show in Theorem 12 that G has a unique
maximizer Bin € B.

We prove now the Meifliner effect at large enough in-
verse temperatures § >> 1 and large BCS couplings
v >> 1, i.e., in presence of a superconducting phase
defined as follow: Consider the annihilation and creation
operators

1 1
¢ = 71/2 Z Qg | Ozt and C; = 71/2 Z azﬂTa;,\L
‘Al‘ zEA, |Al| TEN;

of Cooper pairs within the condensate, i.e., in the zero—
mode for electron pairs. A superconducting phase is then
characterized by a strictly positive (global) Cooper pair
condensate density for all minimizers in the thermody-
namic limit, that is,

. . . ¢5¢0
= lim 1 f f w22 0. (60
v = iy timiy {WEJEQ;@“J(MA)F (60

10

This inequality corresponds to the existence of an off-
diagonal long range order. The domain of parame-
ters (B, 14, A, ¥, Bext) Where rg is strictly positive is non—
empty. At sufficiently large inverse temperatures 8 >> 1,
the latter holds for instance when p < —9* and v >
I/.L — MTo with

4
FO =

=>4,
1=l

See Theorem 40.
regime:

The Meifiner effect appears in this

Theorem 12 (Meifiner effect)

Let p < —9?, v > | — ATo and Bexs = So(jext) with

jext € C° N PL§. Then, there is 3, € R such that, for

all 6> B,:

(1) For any sequence of minimizers we, € .Ql(e),
[ 5o

lim liminfw, (m> = lim limsupwe, (m) =r3(0)

e—0t =00 e—=0t 1500
with
r5(0) > T5% =772 (n—2)" >0

being the unique solution of (75) for B = 0.

(ii) For any sequence of minimizers we, € Ql(e),

lim limsup ||B§)l)l — Bintl]l2 =0
=0T 1500 ©

with Bine € B being the unique mazimizer of the varia-

tional problem Poo. See Theorem 10 (i).

(iii) The total magnetic induction vanishes inside the unit

box €: Bint + Bext = 0 a.e. in €.

(iv) If (41) also holds then the self-generated magnetic

induction Biy, = S(ji,) is produced by some current

ji. € J that is supported on the boundary OC of €.

Proof. (i) is Theorem 40 (iii). By Theorem 40 (ii), note
that Biy; € B is the unique maximizer of the variational
problem Po,. By using Theorems 10 (ii)—(iii), 15 (ii), 40
(i) and a simple contradiction argument, we prove the
second assertion (ii). Finally, (iii)—(iv) are consequences
of Theorem 40 (i)—(ii) and Lemmata 34-35. O

By Theorem 12, the electron density corresponding to
minimizers of }"l(e) is space-homogeneous within the su-
perconducting regime, in the limit ¢ — 07 after [ — oo.
Indeed, the Meifiner effect corresponds here to the ab-
sence of magnetic induction inside the unit box €, ex-
cept within a e-neighborhood of the boundary 0¢ of €.
Therefore, in the limit € — 07, the electron density dg,
defined for all t € € (a.e.) by (89) for a magnetic induc-
tion (Bint + Bext)|e = 0, is constant in this case. This
argument justifies a posteriori the use of a purely mag-
netic energy in (49). See Remark 8.

By Lemmata 34 and 36, observe finally that the Euler—
Lagrange equations associated with P, yield the equality

Bo + Bext = M5 (Bo + Bext) = M5 ae. in € (61)



for any maximizer By € B of the variational problem P,.
Here, we denote as usual by M3 = PLMjp the transverse
component of the (infinite volume) magnetization density
Mg = Mg(B) defined a.e. on R? for every B € L? by

1]t € €] Jsinh (Bhy) B (%)

cosh (Bhy) + e~ cosh (Bgy,) B (1)

(62)
with rg € [0,1/4) being solution of the variational prob-
lem (75), gr := {(pp — A\)? + 7?r}1/2 and h¢ := 9|B (1)
a.e. in the unit box €. By (84)—(85), Mg(B) is indeed
the magnetization density if one applies a fixed magnetic
induction B on the system. See Section VIIB for more
details.

Recall that units have been chosen so that the mag-
netic permeability of free space equals 1. As a conse-
quence, Equation (61) implies that the so—called mag-
netic field

Mg ¢ = Mg (B) :=

H:=Bg + Bexs — Mj € L?

is zero within the quantum system, i.e., Hl¢ = 0 a.e. in
the unit cubic box €. The latter is satisfied for every
maximizer By and in the whole phase diagram (not only
in the regime where the Meifiner effect appears).

This suggests that Mé‘ = —H trivially holds in the su-

perconducting phase because M+ = 0 = H, see Theorem
12. In other words, the Meifiner effect is not necessarily
related to an effective magnetic susceptibility equal to
—1. A similar remark can be done about the magnetic
permeability of the quantum system in the superconduct-
ing phase.

VI. UNIVERSALITY OF THE MEISSNER
EFFECT

1. Conditions of Theorem 12 are only sufficient and
clearly not necessary for the Meifiner effect. See, e.g.,
Lemma 39. In particular, the inequalities 1 < —9? and
~v > |p— ATy are far from being essential. The inequality
v > 2| — A| is however necessary to get a superconduct-
ing phase. Therefore, Theorem 12 should be seen as an
example where the thermodynamics of the Meifiner ef-
fect is rigorously proven from first principles of quantum
mechanics.

2. Of course, the model H; := T; + M; under consider-
ation is too simplified with respect to real superconduc-
tors, as explained for instance in [2]. However, from high—
low temperature expansions, the more realistic model

H.:=H + Z e(x —y) (a;,i,ay,l + a;,Tany) )
z,yEN;

which includes kinetic terms, should have essentially the
same correlation functions as H; at low temperatures, up
to corrections of order ||e||;. Thus, the Hamiltonian H;
is a good model for certain kinds of superconductors or

11

ultra—cold Fermi gases in optical lattices for which the
strong coupling regime is justified.

Additionally, by using [3, Section 6.1], a similar study
could have been done for the usual (reduced) BCS model.
In this model, the (screened) Coulomb repulsion is ne-
glected, i.e., A = 0, but the kinetic energy is taken into
account.

3. Indeed, the Meifiner effect is directly related to the ex-
istence of states minimizing the free—energy and having
small magnetization densities at fixed magnetic induction
B. It is the case in our model within the superconduct-
ing regime where the magnetization density Mg is gen-
erally exponentially small in the limit 8 — oco. See, e.g.,
(86). In fact, it is only necessary to verify the inequality
IMg(B)|l2 < m|BJl2 with m < 1 and that the system
can produce currents without increasing the free—energy
density in the thermodynamic limit. Then, assuming this
phenomenon to happen in real superconductors, details
of the model are not that important anymore. The self-
generated magnetic induction By, = S (j#lt) is in this
case the unique solution of the variational problem

1. 2
A:= 5 inf B+ Bexll; (63)

whereas the corresponding divergence—free current den-
sity jiJ;lt is the unique minimizer of

! L
im g b [l e =2 (64)

jj‘

where J is the (norm) closure of the set J defined by
(56). See Equation (38) and Theorem 40. These varia-
tional problems are studied in Lemmata 34 and 35. See
also the corresponding Euler-Lagrange equations (156)
and (159).

Both variational problems can certainly be numerically
studied in detail and the resulting (self-generated) mag-
netic induction Bj, will correspond to the usual pictures
found in textbooks on superconductors to illustrate the
Meifiner effect. The study of 2 and J may moreover be
of relevance in completely different contexts, like in fluid
dynamics where currents and magnetic inductions are re-
spectively replaced by vortex lines and velocity fields.

Remark 13 (General superconducting domains)
Results of Lemmata 34 and 35 as well as the Fuler—
Lagrange equations (156) and (159) can be straight-
forwardly extended to all external magnetic inductions
Bext = S(jext) With jext € P9, and all bounded domains
¢ C R® with (for evample) piecewise smooth boundary
oc.

4. Observe that a suppression of the magnetic induction
in the box € by minimizers of the magnetic free—energy
density can also appear at small enough inverse tempera-
tures 8 < 9!, see Lemma 38. Indeed, for high tempera-
tures, the pressure po, (B) mainly comes from its entropic
part and so, it does not depend much on the magnetic



induction B in this regime. In particular, the magneti-
zation density Mg becomes again small. On the other
hand, as explained above, the minimizer of 2 vanishes
inside the box €. See again Lemmata 34-35.

From the physical point of view, the appearance of
such a phenomenon at high temperature is however ques-
tionable. Indeed, our analysis is based on the possi-
bility for the system to create any current density, see
Theorem 4. It is proven by using patches of supercon-
ducting phases within negligible volume (with respect to
|A]). As explained in Remark 5, such a configuration
should be rapidly destroyed by the quantum dynamics of
the system at (high) temperatures where no global su-
perconducting phase exists. In other words, our results
are physically well-founded for sufficiently low temper-
atures where we can ensure the existence of a (global)
superconducting phase defined by rg > 0 and for suffi-
ciently weak external magnetic inductions Bey. Indeed,
in order to suppress magnetic inductions Beyt, the quan-
tum system has to produce currents via superconduct-
ing patches close to the boundary 0¢€. Such patches
are however rapidly destabilized by a too strong mag-
netic induction Beyxt that succeeds to penetrate the re-
gion close to O€. The latter is suggested by Equation
(81). Indeed, this equation shows that, for any B satis-
fying |B¢| > ¥ 'h > ¥ 'h, a.e. on a non-empty open
set ® C €, the local Cooper pair condensate density
150 = O(e P(h=he)) in the region D must be exponen-
tially small, as § — oo. In particular, no superconduct-
ing current can be created within ©.

VII. TECHNICAL PROOFS
A. Vector Potentials

We start this section by defining the vector potential
A (j) for all 7 € . It will become important while prov-
ing the Meifiner effect.

The vector potential A (j) associated with any current
density j € § is the distribution defined by

AQG) (p) =

For any j € C§°, A(j) can be seen as a C°°—function, as
usual. See (34). For convenience, we ignore this distinc-

tion and write
1 )
= 7/ J (5) d35 ,
47T R3 |t — 5|

for all j € Cg° and

Using Fourier transform, one verifies the following for
the weak Laplace operator applied on A (5):

[FAAG(P) = AG) (-Ap) =j(p)  (68)

(Jyp)n €R, pelCs . (65

A) (1) teR®,  (66)

J,p € Cy° . (67)
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for j € H and ¢ € C§°. Indeed, recall that § can
be seen as a subspace of (tempered) distributions in
W—12(R3;R3). Similarly, the curl of the vector potential
distribution A (j) equals

VxA@G)=8G", jen,

in the weak sense. See, e.g., (39).

B. Thermodynamics at Fixed Magnetic Induction

For all inverse temperatures 8 € RT, we associate to
the Hamiltonian H; := T} + M; € Uy, the finite volume
pressure p; (B) defined by (10) at fixed magnetic induc-
tion B € L?(¢;R3) with € := [-1/2,1/2]3. Tts thermo-
dynamic limit p. (B) is explicitly computed in two main
steps.

The first step consists in assuming that B € C°(¢&;R3)
is a continuous magnetic induction in order to get the
pressure po, (B) by using [3, Theorem 3]. The infinite
volume pressure po, (B) is then given by the maximiza-
tion of a functional § defined on R by

Sr)=F(rB):==p+p " n2—7r
+87! /¢ In Tracens,,, (e7Pur a3t (69)

with the one—site Hamiltonian defined by

u(r,t) = —p(not +no,) + 2Ang 0o,y (70)
—Wr(ag a5, + aoaoq) — B(t) - M°

for all » € RY (ie., r > 0) and t € € (a.e.). Here,
MO := (m{, m$, m?) is defined via (17). Indeed, one has:

Lemma 14 (Pressure for continuous fields)
For any B € C°(¢;R3),

Poo (B) := limpy (B) = sup 3(r,B) <oo.

Proof. If B € C°(¢;R3) is a continuous magnetic induc-
tion then one can replace in M; (2) the mean value (3)
of the magnetic induction B with B(x/(20)), in order to
compute the pressure poo (B). The latter results from [4,
Eq. (3.11)] and straightforward estimates using the uni-
form continuity of B on the compact set €. Then, using
the gauge symmetry of the model as well as a change of
variable r = ~7 in the variational problem given by [3,
Theorem 3], we arrive at the assertion. O

The second step uses the density of the set C°(¢;RR?)
in L?(¢;R3) to compute po, (B) for all B € L?(¢;R?).
Combined with Lemma 14 it leads to an explicit expres-
sion of po (B) for all B € L?(€;R?). This is resumed in
the following theorem which serves as a springboard to
the rest of the paper.



Theorem 15 (Infinite volume pressure — I)
(i) For B € L*(€;R3), the pressure p; (B) converges to

Doo (B) 1= lllr&pl (B) = 51;18 F(r,B) < o0

with § defined by (69)—(70). See also (74).

(i) The family {Bw— pi(B)}iensqooy of maps from

L2(¢;R3) to R is uniformly Lipschitz equicontinuous:

For alll € NU {0},

p(B) —pi(C)] <2v3IB-C|>,  B,Ce L*(&GRY) .
(71)

Proof. The uniform Lipschitz equicontinuity (71) of the
family {B > p; (B)},cy follows from (2) and (10) to-
gether with the Cauchy—Schwarz inequality, |€] = 1,
ol = 1 and [mf| < 20 for any j € {1,2,3} and all
x € Z3, see (17). As a consequence, by Lemma 14 and
the density of C°(€;R?) in the separable Hilbert space
L?(¢;R3), the pressure p; (B) converges to some value
Poo (B) € R for all B € L?(€;R3) and (71) is also satis-
fied for I = oo. In particular, for any B € L?(€;R?), there
exists a sequence {B(™},cy € CO(¢;R3) converging in
norm to B such that

e () = tim e (5) =t fsup 58)}
(72)

On the other hand, by [4, Eq. (3.11)], one easily verifies
that, for any B,C € L*(¢€;R3) and t € € (a.e.),

| In Traces ., (e~ 4B(0))
— InTraceay (e—ﬂu(r,t,C(t))”

< 2V395[B(t) - C(1)]

with w(r,t) = u(r,t,B(t)) being defined by (70). By
(69) combined with the Cauchy—Schwarz inequality and
|€| =1, it follows that

|S (Ta B) -3 (T’, C)l < 2\/519”ch”2 )

(73)

Combined with the limits (72), this last inequality in turn

implies Lemma 14 extended to all B € L?(€;R3), that is,

(i) holds. O

The functional § can explicitly be computed and one
gets

() =3(rB) = p+5" In2—yr (74)
+ﬁ’1 / In {cosh (Bhy) + e~ cosh (ﬁgr)} d’t
[

with g, == {(u — A\)? + ¥?>r}/2 for any r € RI and
magnetic strength hy := ¢ |B(t)| a.e. for t € €. Tts
properties can thus be studied in detail, exactly as in [1,
Section 7].

In particular, for any 3,v,9 € RT, real numbers p, A €
R and B € L?(¢;R?), it is clear that the supremum of

B,Cc L*(¢;R?).
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the variational problem in Theorem 15 (i) is reached for
an order parameter r € ]R[]|r in some bounded set. In
particular, there is always 13 = 15 (B) € R such that

sup §(r,B) = §(r5,B), B L*(¢;R?). (75)

r>0

Up to (special) points (8, u, A, 7y, 9, B) corresponding to a
phase transition of first order, rz should always be unique
and continuous with respect to each parameter.

For small inverse temperatures 8 << 1, rg = 0. See
arguments of [1, Sections 2 and 7]. On the other hand,
any non-zero solution rg of the variational problem of
Theorem 15 (i) has to be solution of the gap equation (or
Euler-Lagrange equation):

i h r 2 r
/ Sin (/Bgﬁ) 3{2 9 B . (76)
e € cosh (Bhy) + cosh (Bg:,) 5y
Because tanh(t) < 1 for t € R, we then conclude that

1
1—7_2(,“_)‘)2'
(77)
In particular, if v < 2|p— A| then rg = 0 for any 8 € R*.
However, at fixed 8, A, u, ¥, B, there is 7, > 2|\ — p| such
that rg > 0 for any v > .. The latter can easily be
seen like in [1, Section 7]. In other words, the domain of
parameters (3, 1, A, 7,9, B) where rg € R is non—empty.
To illustrate this, we give a regime where rg becomes
strictly positive for sufficiently low temperatures and
large BCS couplings:

rg <max{0,rmax} With rpayx =

Lemma 16 (Superconducting phase — I)
Let R€ERT, u < —RY and v > | — A\ Ty with

4
Fo'

=>4
L= R~

Then, there is 8, € RT such that, for all 8 > 8.,

inf rg(B) > Fa2

—y 2 (=-MN?>0

Bebr(0)
with

b (0) := {B € LA(&RY) : B, < R} .
Moreover, we can choose B, = B.(v) as a decreasing

function of .

Proof. For any B € br(0), note that |B||; < R, by the
Cauchy—Schwarz inequality. Then, for any p < 0, the set

D, = {te ¢ |l > |ul}

satisfies [D,| < RI|u|~! for all B € bgr(0). For every
i< —RY and € € RT, let
.= (1+e)y>0. (78)



Since v > | — AT, we can choose ¢ € RT such that
v > | — A Te. Tt follows that

i=T2 =7 2(u=N>>0. (79)
Then, by (78), there is 3, € RT such that, for all 8 > .,

tanh (Bg..) &tanh ([37) 4+¢

g. 7 Ie) " v(1=RIp™)

Observe that 8, = B.(7) can be taken as a decreasing
function of 4. The function ¢~!tanh (3t) is decreasing
on R(J{ . Therefore, we deduce from the last inequality

that

) tanh (8g,) - 4+¢

(1 - RO|ul™!
9r Y

(80)
for any r € [0,t.], all 8 > 3, and fixed ¢ € Rt such that
v > |p— A Te.

Now, we compute that 0,F (r,B) > 0 is equivalent to

/ Sinh (ﬁgT) d3t > z
¢ 9r (e)\ﬁ cosh (ﬂht) + cosh (597’)) v -
Using |D,,| < RI|u|~! and (80),
/ sinh (Bg;) PR 4+¢
¢ gr (e*8 cosh (Bh¢) + cosh (Bg.)) 2y

for any 8 > ., all B € bg(0), and r € [0,t.]. In particu-
lar,
o5 (r,B) >0, rel0,t],

which yields rg(B) > v. > 0 for any 5 > . and all
magnetic inductions B € bg(0). O

By using Griffiths arguments (see, e.g., [1, Eq. (A.1)])
away from critical points (defined by the existence of a
first order phase transition), one finds that, for any non—
empty open region ® C €, the Cooper pair condensate
density

1
1"5,9 =

e ol Z g1 (a3 103, ay,1ay,t)

z,y€ED,

with ©; := 21D N A; equals
1
o = 757 /@ ro e [0,1/4] . (81)

(Note that ®; is non—empty for sufficiently large I € N).
Here, for all t € € (a.e.),

_ ~rg sinh (Bgrﬁ)
2¢y, (P2 cosh (Bhy) + cosh (Bgr,))

The inequality rg o < 1/4 results from (76) and (77). In
particular, for ® = €,

rge =13 =15(B) (83)

rg,¢ - (82)
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is the (global) Cooper pair condensate density, see (75)—
(76). When rg € RT is the unique solution of the vari-
ational problem of (75), one obtains a s—wave supercon-
ducting phase with off-diagonal long range order. As an
example, see [1, Theorems 3.1-3.3].

In a similar way, we compute the three components

1
Mg o = lim — M?®) € R? 84
s = lim o > w (M) (84)

l—o0
€D,

of the magnetization densities in the non—-empty open
region ® C €. See (17) and (20). Away from critical
points,

1
Myo = — / My d¥te [-0,0°  (85)
D] Jo

with ¥ € RT and Mg = Mg ¢ (B) defined by (62).
In particular, in the limit (8 — o0) of low tempera-
tures,

Mpo| =0 Py and 150 =0(rs)  (86)
whenever, for all t € ® (a.e.),
h¢ <h <hc=hc(B):=g;, — A (87)

with gr, = {( — A\)2 + ~+?r5}*/2. However, a strong
and local magnetic induction such that h¢ > h > h.
(a.e.) on some non—empty open set ©® C € implies a
strong magnetization on D; := 210 N Ay, even if a global
superconducting phase exists, that is, even ifrg € R*. In
this case, |Mgo| = O(9), 150 = O(e™?(~he)) and the
magnetic induction expels the Cooper pair condensate
from the (macroscopic) region © C €.

Meanwhile, away from critical points, the electron den-
sity

. 1
dg,o := lim @ Z 9 (ot +Na,))

l—o0
r€ED;

with ®; := 2ID N A; equals

1
dg o = —/ dg ¢ d®*t € [0,2] (88)
D Jo

for any non—empty open region ® C €, where, for all
tec (ae.),

(1 — A)sinh (Bg:,)
Grs (ew‘ cosh (Bhy) + cosh (ﬁgrﬁ)) ’

In particular, the electron density is space-homogeneous
whenever the magnetic induction B is a.e. constant in
space within the unit box €.

Apart from its physical interpretation (83) as the
(global) Cooper pair condensate density, the solution rg
is extremely useful because it allows a construction of ap-
proximating minimizers of the free—energy in finite boxes.
Indeed, let

ay (r,t) = (r,t,B) = /

¢

dﬁ,t =1 +

(89)

U (r,t—i— %) d3y



for all 7 € Ry and t € €. We define such approximating
states by (well-defined, cf. [17, Theorem 11.2.]) product
states of the form

Ol =01,rB = ®w(21)71m € En, (90)
TEN;
foralll € Nand r € RY, where Wiap)—lgr = Wan)-lg,rB IS
the (even) Gibbs state on U,y associated with the one—
site Hamiltonian o, (@;(r, (20)~*x)) and thus defined by
the density matrix
e Baa (i (r,(21) " x))

Traceay,,, (e—Baa (@ (r,(2) 1))

for all = € Z3. Here, for every z € Z3, o, is the transla-
tion map from Uy, to the C*—algebra Uy, 1, with identity
1 and generators {ay,yuzs}yen, se(t,l}- More precisely,
for every x € Z3, a, is the isomorphism of C*-algebras
uniquely defined by the conditions

yeN, se{tl}.

Then, as suggested by [3, Proposition 2|, for any
B € L?(¢;R?), the product states {gi,}ien minimize
the free—energy density functional f; of the system in the
thermodynamic limit [ — oo. The proof is however more
difficult than in [3, Proposition 2].

Similar to Lemma 14, we first consider continuous mag-
netic inductions B € CO(¢; R3):

z(ays) = aytas

Lemma 17 (Approximating minimizers — I)
For any B € C°(&;R3) and any solution v = 15(B) of
(75),

ll—lglo {fl(Bagl}rg) - pé%f;\lfl (va)} =0.

Proof. For every r € R{, define the continuous map p,
from R to R by

_ 7sinh (8g;)
~ 2g, (ePA cosh (Bx) + cosh (Bg,.))

as well as hy = he (B) := ¥|B(t)| and
, te€  leN.

/ B (t—l— %) d3y
‘ (1)

By explicit computations, for any [ € N, 2z € A, B €
CO(¢;R3) and r € R{,

Wity (@a10z0) = Vrpr(hgy-1,,) €ER . (92)

which, combined with the equicontinuity of p, and B on
compact sets, yields

1
lim ¢ — Wiapn -1y (Az |0 = ’I"/Th d3t.
l_’°°{|Al$§l (21)~ 'z, ( o+ ﬁ)} \/> (’:p (h¢)
(93)

x = pr(x):

Bt,l = Bt,l (B) = 19
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In the same way, we show by explicit computations that

1 - -1
; E —Bag (@ (r,(21) "))
lim { |Al| lnTTace/\H{m} (e Pa=lm x )}

TEN;
=3F(r,B)+9r (94)

for any B € C°(¢;R3) and r € RJ. Using the additivity
of the von Neumann entropy of product states and the
passivity of Gibbs states,

> ar (au (@ 2072)) = 87 Silanr)  (95)

zEN;
=-p" Z In Trace/\H{m}(eiﬁaw(m(r’(%)_lw))) .
xEN;

Since
Hy =" (owli(r, 20)'2)) + v/r(as 105 | + z0..1) )

TEN;

i * *
_m Z aac,Ta;c,iay&ava ’

T, yeEN;

we infer from (8) and (93)—(95) that

2
lhm fiB,gi) = =5 (r,B) —9r <1 / pr(ht)d3t>
—00 ¢

(96)
for any B € C°(¢;R?) and r € Rf. In particular, by
using the gap equation (76),

llif&fl(ngl,rﬁ) = _%' (Tﬁ,B) : (97)
The latter yields the lemma because of (10), (75) and
Theorem 15 (i). O

Similar to Theorem 15 (i), we now extend Lemma 17
to all B € L?(¢;R?) by using the density of C°(€;R?) in
L2(¢;R?):

Theorem 18 (Approximating minimizers — IT)
For any B € L*(€;R3) and any solution g = r5(B) of
(75),

Jim {fl(B&lz,rﬁ) - Pé%f;xlfl (Bm)} =0.

Proof. We start by proving the norm equicontinuity of
the collection

{B = f1(0,81,r,B) }1en (98)

of maps from L?(¢;R?) to R. To this end, we study, for
all t € € and [ € N, the maps

e—Buu(r,t,B)

B di (B) == Tracensy, (e~ (-05))

from L?(€;R3) to the real space of self-adjoint elements
of Uggy. Let || — [|1x be the trace norm of Uypy. Observe
that

) ||e*/3ﬂl(r’faB) — e~ Bu(rt,0) HT
[des (B) —dei (C)|q, < [ At ||Tr v



for any B, C € L?(¢;R?). Using Duhamel’s formula
1
e — 2 = / e™1 (A — Ag)etm A2 437
0

[Arl] < [|A1flz and [[A1Az|lne < [[A1|l[[Az]Te for any
Ay, Ay € Uy, we then find that

00 (B) = du @)l <25 [ (B 0) (14 3) by 20

v /0 ' (B.C.7) 4% (99)

with
||e Bt (r,t,B) HHe B(1— T)ul(rtC)H

oo

n(B,C,7) =

Straightforward computations show that

He*BTUz(ht,B) H — eﬁT(#erax{gr*)\ﬁt,l(B)})

for any B € L?(€;R?) and all 7 € [0,1]. Thus,
n (B, C, 7_) _ e[ﬁ(l—r)(max{gr—)\ﬁl,l(C)}—max{gr—)\ﬁu(B)})

and, by (99) and [[mf|| < 29 for any j € {1,2,3} and all
x €73,

[des (B) = dey (C)lly < 4V3Bhey (B - C)

1
X / n(B,C,7)d%r
0

with h¢; defined by (91).
If h¢;(B—C) <1, then we deduce from the last two
assertions that

des (B) = dei (C)l g, < 4V3 (7
On the other hand, for any B, C € L?(¢;R?),
[des (B) = dea (C)llgy < ey (B) gy + [1des (C)llgy, =2 -
Therefore, for all B,C € L?(¢;R?),
[des (B) —

We now use the product structure (90) of g; ,, the uni-
form norm Lipschitz continuity of the von Neumann en-
tropy and the last bound to deduce the existence of a
finite constant D € RT such that

—1)hy (B-C) .

e (C)]lgy < 4V3e’hyy (B-C) .

1100, 81.-,8) — f1(0, 81,r0)| < —— |A\ Z hiory-141 (B = C)

TEN;

for all B,C € L?*(¢;R?) and all | € N. By definition
of h¢; and the Cauchy—Schwarz inequality, we thus find
that

| f1(0, 91.rB) —

f1(0,g1.0.¢)| < D|B = C2 (100)
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for all B,C € L?(¢;R3) and all [ € N. In other words,
the collection (98) is norm equicontinuous.

We want now to prove from the last inequality that
the collection

{B ~ fi(B,g1,B) }1en (101)

of maps from L?(€;R?) to R is also norm equicontinuous.
So, we need to show the norm equicontinuity of the family

{B = (B,m (B))2}en (102)
of maps from L?(¢;R?) to R, where
m (B) (6) = 3 120t € (€+ )] grp(MF)
zEN;
Indeed, for any B,C € L?(¢;R3),
[(B,m; (B))2 — (C,m; (C))2] (103)

< 2V39|B = Cl|2 + ||Cl|2/m; (B) — my (C) |2

using the Cauchy—Schwarz inequality and |[mf|| < 24.
On the other hand, for any B, C € L?(¢;R?),

lmy (B) —my (C) |13

1
= 1A Z ’w(2l)_1w,r,B(M

TEN;

(104)

) = oyt (MP)|

By explicit computations, for any B € L?(¢;R?),

T 7 .’L‘+y
) = 4 10 (B0 [ B (132 ) .

(105)

Here, for any z € R* and r € Ry,

9 sinh (8z)
x (cosh (Bz) + e=BX cosh (Byg,)) ’

whereas at x = 0,

qr(z) =

vp

qr(o) = 1+e—ﬁ)\ cosh (Bgr) '

Assume that B(2l)—lx,l(c) < 2. Notice that there is

a finite constant D € RT such that |q,.(z)] < D for all
r € Ry and
|qT(x)_qT(y)|§D|w_y| ) xayeRaL

by the mean value theorem. Then, by (105), for any
B € L*(¢;R?),

‘w(2l)_1x,r,B(Mm) - w(2l)_1a:,r,C(Mz) ‘

10t (B) = hay 14, (C)|

oo (5) e

<2D ’B(gl)f

+D9Y




Using Jensen’s inequality, (a+ b)? < 2a” +2b2 and (|a| —
|b])? < |a—0b|?, we then deduce from the last upper bound
that

2
‘w(Ql)flz,r,B(Mw) - w(2l)*1m,r,C(Mw) ’

< 10D2192/ (B Q) <$;y>

¢
provided that E(2l)_iz,l(c) <2. )
Assume now that 2oy -1, ,(C) > 2 and h (B—C) < 1.

Remark that there is a finite constant D € RT such that,
forall z > 2 and |z —y| <1,

2
d’y ., (106)

la-(z) = 4 ()| < Dfa| " |z —y]

again by the mean value theorem. Similar to (106), one
then gets that
2
‘W(m)*lx,T,B(MI) - w(zl)*lx,r,c(Mz)‘
2
< 4D2192/ (B-C) (”” il y) ’ By, (107)
¢

21
provided that k-1, ,(C) > 2 and ke (B - C) < 1.
In the same way, we observe that

2
‘w(Ql)71x7r,B (MJ) - W(Ql)’lw,nc (MJ) ‘

2
Tt y) ‘ a3y (108)

(B_C)( 2

< 4892 < 48v* /
<

whenever h¢;(B — C) > 1.

We then infer from (106)—(108) the existence of a finite
constant D € RY so that, for any B,C € L?(¢;R?) and
all z € Ay,

2
‘W(QZ)’lx,T,B(Mz) - w(2l)’1x,7",C(Mx)‘

gD/C (B—C)(x;y)‘Qdf*y.

Hence, we deduce from (104) that

lmq (B) —my (C) |3 < DIIB - CJ3 (109)
for any B, C € L?(¢;R3).

By (100), (103) and (109), the families (98) and (102)
are norm equicontinuous and so is the collection (101).
Using this, (73) and the uniform Lipschitz continuity of
the function p, together with the density of C°(¢;R?) C
L?(¢;R3), Equation (96) holds for all B € L?(¢;R3) and
r € Rf. By the gap equation (76), one gets (97) for
all B € L?(€;R?) which implies the assertion because of
(10), (75) and Theorem 15 (i). O

Therefore, the sequence {g;.,}ien of approximating
minimizers is a good starting point to construct the states
p; € Ejp, of Theorem 4. To this end, we define from
{gl,rﬁ}leN states manifesting some current in subregions
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of the box A; with very small volumes with respect to the
total volume |A;| = (20)3. The latter is done as follows:
Take two positive real numbers n+,7 € R such that

0O<nt<n<l1 (110)

and define the small elementary box

&= Z3 N {[—07, 07 x [0 07 ]2} C A

with ¢ := [ — 1 for I > 1. (Note indeed that A; :=
{ZN[~1,1—1]}3.) More conditions on the constants n*, 7
will be fixed later. We denote now by [¢] the integer part
of t € R{ to define the set

Ry = {(ky, ko, ks) € Z3 ¢ [ka| < [0*77], Jhos| < [T}

For any k € R;, we define the translated elementary
boxes

G = 6 + ([0, ko [07 ], ka0 ]) C A,

To create currents from IY (11) we perform some gauge
transformation inside these elementary boxes. Indeed,
for any k € R; and t € {0, 1}, we use the automorphism
Uy, of the C*~algebra Uy, , ,, uniquely defined by

on)

itﬂ'/2a

vx¢0§l,k , S € {Ta\l/}v
vxegl,k , S € {Ta\l/}a

The real parameter C € R will be chosen as a function

of the current density j to be produced by the system.
Take now any solution rg = rg(B) of (75) for B €

L?(¢;R?) and any even state @ € E{oy satisfying

Uk,t (az,s) =€ z,8

iCrz1/(20)

Uk,t (ax,s) =€ .5 -

@0 (a04a0,4) = 1. (111)

Such a state exists because —1 and 1 both belong to the
spectrum of Re (ag jao,1). We denote by w, := wpoa_,

the corresponding translated state on Uy, for any x €
Z%. For any k € Ry, define the state

1
V@ = — X w “1yr 112
2 { <w€Az+[zn]\®l,k @)=, 5) ( )
(09 < ® wx>} © (Uk,0 + Uk,)
€GB 1

satisfying v, (I)Y) = 0 whenever {z,y} N (A)\&; 1) # 0.
Note indeed that, for any x € Ay en),

w(2l)71w,rg (al”ia’w’T) eR,

see (92) which clearly holds for all B € L?(¢; R3). Finally,
for any | € N, we set

1
o= RTe] 2

kER,, z€G,

Vi OaaleAl S EAz . (113)



This state implies currents, in general. Moreover, observe
that the term
(114)

Wean-tzrs = Ol |U/\l\®l,,c

®
IEAz\Qﬁlwk

in the definition (112) of vy is the restriction of the ap-
proximating minimizer g;,, (90) on Uy\e, - Therefore,
observing that H; is gauge invariant, one can infer from
Theorem 18 that {p;}ien is also a sequence of approxi-
mating minimizers:

Lemma 19 (Approximating minimizers — III)
For any B € L*(€;R3) and any set {Cy}rer, C R,

Jim {fl(val) - pé%fA,fl (B,p)} =0.

Proof. Note that (110) implies that, for all k& € Ry,

G| = &1 = o(|A]) .
Therefore, we deduce from (8), Theorem 18, (112) and
(114) that

lim {fl(B,yk oaylE,,) — inf fi (B,p)} =0,
=00 pEEN,

uniformly for all kK € R; and x € &;. Since the state p;
is a convex combination of states {vy oax|EAl YheRr, we®,
the assertion then follows from the convexity of the free—
energy density f;. O

We use now the sequence {p;}ien of approximating
minimizers to create a one-component current arbitrarily
close to any prescribed smooth function j; € C§°(;R)
at large I € N. With respect to Theorem 4, the function
j1 is the first coordinate of some smooth current density
j € C™(¢;R3).

We now fix the real parameters {Cy}rer, as follows:
Observing that

8141
/ / (71 —y1)°dzy dyy = =

we remark that

7
-G SECET RS

y,2€6,

(115)

Then, we define the constant Cy by

8 jomanmanty (R RO KSIETTY
Ky U T

Cy =

for all k € R; and any j; € C§°(€;R). With this choice of
parameters, as [ — oo, one produces indeed the current
density (j1(t),0,0) for t € R3:
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Lemma 20 (One—component currents)
Assume that (110) holds with 3n + 4n+ > 6 and j; €
Cs°(€;R). Then, for any 3 < min{l —n,n —nt},

sup |39 (t) = (1 (9),0,0) | = o(17)

with the rescaled current density jyl) defined by (15).

Proof. By (112), observe that, for any k € R; and z¢ €
&, the state vy g, = Vgoay, |EAL € E\, creates a current

density jy, , (z) at z € R? which is equal to

: 4y y—z [tz — "7
Jvi,z (z) = m Z _ 35 | _ z|
! Y,2€8, k, Y#2 |y Z| y

xsin [Cr (y1 — 21) 7] . (117)

See Equation (13). Because of (116), note that the con-
dition

§:=3n+4nt —6>0
implies that, for any k € Ry,
"Ch, = 0179 (118)

vanishes in the thermodynamic limit [ — co. As a con-
sequence, we can deduce from (117) that

2 jugay ()

_ Y Z y—zf(x—i—xo—y;rz)
3 _
lAll Y,2€E8 1, Y#z |y o Z‘ |y Z|

x [2Ck (y1 — 21) + O(I72|Cr (y1 — 21) )], (119)

because |21 —y1| < I" for all y,z € &;;. Note that
the factor 2] above is related to the definition of the
rescaled current density (15). The current density func-
tional p — j, of the box A; defined by (13) is affine. It
follows that the current density induced by the approxi-
mating minimizer p; (113) at z € R? equals

. 1
]Pz (‘T) - |Rl| |Q5l| Z

kER, , T0ESB,

Jopwe (@) . (120)

Since ¢ € C§°(R3;R) is a smooth and compactly sup-
ported function, we infer from (118) that the norm of
the vector

4y
PN R 8] 2 2

KeR, T w0€®: yzetrn yrz 1Y~ 7]

T+ x— L2
x¢ <02> Ck (1 — 20|

y—z

ly — 2|

converges to zero as [ — oo faster than [~!, uniformly
for # € R3. Using the explicit parameters (116), the
smoothness of j; as well as (119), we can rewrite (120) as

(1)
WO=- e X

kER, 215ke®lk
x (i1 (sx) + O (I"" 1)) +o(1"" Yy, (121)

f—Sk



uniformly for all t € R3. Here, the function X, € C§° is
defined, for all t € R3, by

8 i Yy—z
f) = g3t N YT E
Y,z€EB; Yy

2t — v=
xe[ 2 ) .
ly — Z\
By (12), note that

/RS X, (1) d3t= %174’7*477L Z (y—2)(y1 —21) .

Y,2€6;

(y1 — 1)

Observe also that we have chosen the constant K (115)
in the definition of Cj to have exactly the limit

lim [ x, (t)d*=(1,0,0) .
=00 Jr3

More precisely,
/ X, (Pt — (1,0,0) = O ") .
RS

Since ¢ € C$°(R3;R) is compactly supported, the sup-

port supp(x,) of x, € C§° has radius
sup {Jo]: x, () £0} =0O@Y)  (122)
and belongs to a sufficiently large box [~L, L]?, L > 0,
for all [ € N:
L, L > | supp(x,) - (123)

leN

In fact, the sequence {x, }icn, seen as a family of distri-
butions, converges to the delta function, as | — co.

Now therefore, the right hand side of (121) approxi-
mates the convolution x, * ji () since the sum is a Rie-
mann sum. By (121), it is then straightforward to verify
the existence of a constant D not depending on (a suffi-
ciently large) I € N and t € € such that

|];(Jll)(t) - (Jl (t) 0, 0) |

<D sup |ir(s+1t)—ji(
s€supp(x,)

(124)
&) [+ D 1y

The continuity of j; € C§°(€;R) implies its equicontinu-
ity on any compact set. Hence, by (122)—(123),

sup  sup ’_]1 (s+t)—j1( | =0 (125)
tec¢ 5Esupp(x )
The lemma is then a consequence of (124)—(125). O

Lemma 20 can be extended to all current densities
j € C®(¢;R3). See Theorem 4. Meanwhile, as ex-
plained in Section ITI, for every approximating minimizer
p; (112)—(113), the current density j( ) € C§° can be de-
composed into longitudinal and transverse components
(jf;?)” = P“j,(,ll) and (j,(,ll))L = Plj,(fl)7 respectively. So,
we conclude this section by showing that the energy norm
of (j,()ll))” is negligible as | — oo whenever V -j = 0:
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Lemma 21 (Energy norm estimates)
Assume that (110) holds with 3n + 4n+ > 6 and j; €
Cs°(€;R). Then, for any 3 < min{l —n,n —nt},

o(I7%) .

In particular, if j is divergence—free (i.e., j =j*), then

1™ = Gl < i =351l =

1GSHs = o(7)
Proof. First, observe that
. . F[j](k)|?
g <wg+ [ o EIOEe )
{(keC: k<1 |k

for all j € L? N $, where F[j] is the Fourier transform
of j. Therefore, the assertion follows from Theorem 4
together with the fact that Pll, P+ are mutually orthog-
onal projections. Recall that, for some sufficiently large
L € Rt and alll € N, the support (16) of j,(,ll) is contained
in the box [—~L, L]3. O

C. Thermodynamics with Self-Generated
Magnetic Inductions

We analyze now the thermodynamics corresponding to
the magnetic free—energy density functionals ]-"l(e) defined
by (49) on the sets Ej, of states for all [ € N and € €
R*. By contrast with the previous section, the magnetic
induction B = B,(,l) (47) is now self-generated by the
system in the state p € Ey,.

We first need to compute the thermodynamic limit Péé)
of the magnetic pressure (53), that is,

leN, ecRT,

where Ey is defined by (52). This requires various argu-
ments and we present them in several lemmata.

Recall Equation (51) which is actually satisfied for all
BeL?
<Bm >2*fl(0 P) fl(zeBap) ) B€L2, pEEAl .

(127)
Here, ¥, is the Hilbert—Schmidt operator defined, for any
e € RT, by
TB:=1[te ] (£ xB), Bel?. (128)
See also (18). In particular, T, has Hilbert-Schmidt
norm equal to e~3/2||¢||y but its operator norm satisfies
IZ]| < 1, because of ||€.]1 = 1 and Young’s inequality.
We also add that

lim [|(%. BelL?.

e—0t

—1te)B|,=0, (129)

The latter can easily be proven for all B € C§° by direct
estimates. Then, one uses the density of C§° in L? as well



as ||Z|| <1 for any € € RT to get (129), i.e., the strong
convergence of T, as € — 07 towards the (non—compact)
operator Ty defined by

ToB:=1[te¢] B Bel?. (130)
Obviously, | To| < 1.
The first step is to study the collection

B+—p (TB of maps from L? to R at
{ p leNU{co} P

any fixed € € R*. Indeed, since T, is a compact operator
for every ¢ € RT, such maps have much stronger conti-
nuity properties than the maps B — p; (B) analyzed for
alll € NU {oo} in Theorem 15. An important additional
feature at any € € RT is the weak equicontinuity of the
collection {B + p; (TcB)},cy of maps on any ball

br (0):={B € L*:|B|, < R} (131)

of radius R € Rt centered at 0. The latter is a conse-
quence of the following lemma:

Lemma 22 (Magnetic interaction energy)
The family {B — (B, mp)) Henpers, of maps from
br (0) to R is equicontinuous in the weak topology.

Proof. Since ¥, is a Hilbert—Schmidt operator satisfying
IZ]| <1 for every e € R it is compact and its singular
value decomposition is

Te= Z)‘n|vn><wn‘ )

n=1

where {v,,}22 ;, {w,, }32, are orthonormal bases of L? and
{A\n}22, C [0,1] is a set of real numbers satisfying

o0
Z/\i <00 .
n=1

Take any € € R*. Then, there is N € N such that

T — Z)\ |v5 ) (wi| SR\fﬁ

Choose now B € L? and § := ¢/(4N+/39). Meanwhile,
remark that ||p|| = 1 and [|m}|| < 29 for any j € {1,2,3}
and all z € Z3, see (17). Therefore, by (127) and the
Cauchy—Schwarz inequality,

‘<c—B,m§j>>2‘ <e, Bebr(0), CeVs(B),

where V; (B) is the weak neighborhood

Vs (B) := {C € br(0): sup

ne{l,...,N}

(O = Bown)s| <8 .

In other words, the maps B — (B, mE)) from bg (0) to

)
R are equicontinuous in the weak topology for all [ € N
and p € Ey, . O
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We now use Lemma 22 to prove a stronger version of
Ascoli’s theorem [18, Theorem A.5] for the weak equicon-
tinuous family {p;(TB)}ien at fixed € € RT: p; (T.B)
converges to Poo (TeB) as | — oo (and not only along a
subsequence), uniformly for any B € bg (0).

Lemma 23 (Uniform convergence of pressures)
For any e € RT, the sequence {p; (TB)},cy is a uni-
formly Cauchy sequence on any ball bg (0) C L? of arbi-
trary radius R € R™ centered at 0.

Proof. For any R € R, the ball br (0) is weakly compact
in L? (Banach—Alaoglu theorem) and the weak topology
is metrizable on by (0), see, e.g., [4, Theorem 10.10]. De-
note by dr any metric on bg (0) generating the weak
topology. Define also by

bs (B) :={C € br(0):dr(B,C) < d}

the weak ball of radius § € R* centered at B € L?. Balls
bs (B) are clearly weakly open sets in bg (0). Thus, using
the weak compactness of bg (0) as well as the weak den-
sity of C% in L2, for any § € R*, there is a finite number
N; € N of continuous centers {B(™}Ns < bp (0) N CO
such that

(132)

Ns
= [JosB™
n=1

Fix ¢ € RT. From Lemma 22, the collection
{B = pi1 (TcB)}, ey of maps from b (0) to R is equicon-
tinuous in the weak topology. See also (10) and (127). B
the weak compactness and metrizability of the ball bg (0),
the family {B + p; (TcB)},cy is uniformly equicontinu-
ous in the weak topology: For any e € R thereis§ € R
such that, for alll € NU {co}, B € bg (0) and C € bs (B),

P (TeB)

-p (TO) < (133)

Wl ™

By Lemma 14, for any ¢ € R, there is L € RT such
that, for any n € {1,..., N5} and integers l1,ls > L,

1, (Te B(")) E

p1, (TBM) — (134)

w

By (132), (133) and (134), for any € € R*, there is L €
R™T such that, for all B € bg (0) and integers l1,l2 > L,

|pl1 (SEB) — Pl (TGB)‘ <e.

O
We now use Lemmata 22 and 23 to deduce a stronger
version of Theorem 15:

Theorem 24 (Infinite volume pressure — II)

Let br (0) C L? be any ball of radius R € RY centered at
0, see (181). Then, for any ¢ € RY, one has:

(i) The pressure p; (TB) converges to peo (TB) uni-
formly on br (0), as | — co. See Theorem 15 ().

(i) The family {B > pi (TeB)}ienuooy of maps from
br (0) to R is equicontinuous in the weak topology.



Proof. Both assertions (i) and (ii) are direct consequences
of Lemmata 22 and 23 combined with (10) and (127). O

Recall that T, is defined, for any ¢ € R{, by (128)
and (130) and always satisfy ||T|| < 1. We now study
the variational problems defined, for all € € Ra' and [ €
NU {co}, by

o .1
B[ = inf {2||B +Bexe |3 — pi (TB+ LBM)}

(135)
with B defined by (57). We break this further preliminary
analysis in three short Lemmata. Note that Lemmata 26
and 27 both exclude the case € = 0.

Lemma 25 (Variational problems %l(e) -1
For any Bex, € L?, there is R € RY such that, for all
e €Ry andl € NU {c},

%l(e) = inf

1
BEBaiR(0) {2 IB + Bext[l3 — p1 (3B + SEBext)} ’

where br (0) C L? is the ball (131) of radius R € R
centered at 0.

Proof. The assertion is a direct consequence of ||T.| <
1 together with the uniform Lipschitz continuity of the
collection {B + p; (B)};cny ooy Of maps from L2(¢;R3)
to R, see Theorem 15 (ii). We omit the details. O

Lemma 26 (Variational problems %l(e) - 1II)

For any Bext € L?, all e € RT and 1 € NU {co}, there is
a sequence {Bg’")}neN C So(J) converging in norm to
Bgl) € B as n — oo such that

n—oo

1
fim {QHBEZM) + Bext”% _pl(‘IE(Bglm) + Bext))}
1 ¢
= SIIBY + Buse 3 — pu(Te(BY + Box)) = B[,

Proof. The map B — ||B]|2 is lower semi—continuous in
the weak topology, whereas B — p; (2.B) is weakly con-
tinuous on any ball bg (0) for all e € R* and I € NU{oo},
see Theorem 24 (ii). Using these properties together with
Lemma 25, the weak closure B of Sy(J) and the weak
compactness of bg (0), we deduce the existence of (a pos-

sibly non—unique minimizer) B € B such that
c 1
%l( )= §||B£l) + Bext”% - pl(‘IeBgl) + TeBext)

for any € € RT and [ € NU {cc}.

Meanwhile, the set So(J) with J defined by (56) is
a convex subset of the Hilbert space L?. Therefore, we
infer from [18, Theorem 3.12] that its weak closure B (57)
coincides with the norm closure of So(J). In particular,
for any € € RT and [ € N U {co}, there is a sequence
{Bil’”)}neN C So(J) converging in norm to BY ¢ B, as
n — oo. Since, by Theorem 15 (ii), the maps B — ||B]|2
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and B — p; (TB) are both norm continuous, we deduce
that

1
ks {2 IBE™ + Bext |13 — pr(TBE™ + SeBext)}

n—oo
1
= §HB£l) + Bext 3 _pl(geBgl) + TeBext)
for any e € RT and [ € NU {cc}. O

Lemma 27 (Variational problems %l(e) — ITI)
For any Bex, € L? and e € Rt lim;_, oo %l(e) — 89,

Proof. By Lemmata 25-26, there are R € RT and min-
imizers BY € B of %l(e) satisfying BY ¢ br (0) for all
e € R™ and | € NU {co}. Therefore, the lemma fol-
lows from the uniform convergence of p; (T.B) towards
Poo (TeB) on bg (0), see Theorem 24 (i). O

Even if the map B — ||B||2 is lower semi-continuous
in the weak topology and although Lemma 25 also holds
for e = 0 and [ = oo, the existence of minimizer(s) of the

variational problem %ff) is far from being clear. Indeed,
one can check that the map B — poo(B + Bext) is not
upper semi—continuous in the weak topology. Neverthe-

less, %SS,) can be obtained from %5;) by taking the limit
e—0t:

Lemma 28 (Variational problems Bl — I)

For any Beyy € L?, lim,_, o+ B8l =59,

Proof. Take any sequence {By_, }nen C B of approximat-
. o (0) .
ing minimizers of By, that is,

1
‘ng) - nli)rrclo {2||B0,n + cht”g - poo(BO,n + cht)

(136)
Then, for any € € RT and every n € N, %l(e) is by defini-
tion bounded from above by

1
%gg) < §||B()’n + Bext”% - poo(‘ZE(BOa" + BEXt)) ' (137)

The operator ¥, converges in the strong topology to %y,
as € — 0%, See (129) and (130). Moreover, the map B
Poo (B) is uniformly Lipschitz continuous, by Theorem 15
(ii). It follows that

lim po ({ze(BO,n + Bext)) = P (BO,n + Bext) .

e—0t

Combining this with (136) and (137), we then obtain the
upper bound

limsup B < B

e—0t

(138)

for any Bext € L2.
On the other hand, we note that the map

b (2) = B lIn {cosh (B8Y |z|) + e ™ cosh (597,)}
(139)



from R? to Rt is a convex function at any fixed
(B, py Ay y, 9, 7). Using this together with [|€ |1 = 1 and
Jensen’s inequality, we find that, for any B € L? and
teC (ae),

br (€ *B) (1) <&+

which in turn implies

(broB) (1) ,

(b, o B) () dt

(140)
for any € € R*, r € R and B € L2, see (74). Using
Fubini’s theorem, for any € € (0,€¢), r € R0+ and B € L2,
we get the equality

/ €. % (b, o B) (t) dt
[

= o8 fo m®

S(nge*B)§M+ﬁflln2—7r+/§€*
¢

(t—s))d3t d®s

+/ ¢ (5)/ by (B(t—s))d3td®s, (141)
R3 e,
where, for any € < ¢,

¢, = {t €C: inf{|t—s|:se e} > eRg} . (142)

Here, OC is the boundary of € and e := 1/(2R¢) with
R¢ being the radius of the support of the function &£ €
C§°, see (18) and (22). By ||&.|l1 = 1 together with the
Cauchy—Schwarz inequality and

be(@)] < D(l2|+1) ., 2R’

for some finite constant D € R, the absolute value of the
first integral in the right hand side of (141) is bounded
by

D(|e\&['/?|B]l2 + |€\&.|) (143)

for any € € (0,¢¢), 7 € Rf and B € L2 Meanwhile, using
similar arguments,

‘/ b (B(t—s))d’td’% /hr ) d%t

< D(|e\¢. |1/2||B||2 +e\&]) . (144)

From (140)—(144) and Theorem 15 (i), we thus deduce
that
P (‘Ie (B + Bext)) S Poo (B + Bext) (145)
+2D(|e\&[/?|Bl2 + |€\&.|)
for any € € (0,€), Bext € L? and all B € bg (0) with

R € RT being any fixed radius. As a consequence, for any
Bext € L?, there is R € RT such that, for all € € (0, e¢),

B >80 _ap(Rle\¢. |2 + |e\e.)) , (146)

because of Lemma 25.
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Since |€\&| = O(e), we therefore combine the lower
bound (146) in the limit ¢ — 0T with the upper bound
(138) to arrive at the assertion. O

We can now deduce that minimizers of EBE,Z) are ap-
proximating minimizers of the variational problem %SQ):

Lemma 29 (Variational problems Bl — IT)
Let Bext € L?. Then, any family {Be}ccr+ C B of mini-

mizers Be of %E;) minimizes %é?) in the limit € — 0.

Proof. Take any family {Bc}.er+ € BN bg (0) of min-

imizers B, of %5;3, see Lemmata 25-26. By Lemma 28
and (145),

poo(Be + Bext) - %E)g)

(147)
In other words, {B.}.cp+ is a family of approximating

. 1 9

minimizers of %é‘? . O

Remark 30

By Lemma 25, the Banach—Alaoglu theorem and the sepa-
rability of L?, any family {B.}cer+ of minimizers of B
converges in the weak topology and along a subsequence
to some By € BNbr (0), as € — 0. In general, By may

(0)

not be a minimizer of Voo . Sufficient conditions to en-

. L 0 . .
sure that By is a minimizer of %go) are given in Theorem

40.

We are now in position to obtain the magnetic pres-

sures ng) as the variational problems —%(()Z) for all
e € Rf. We start by considering the case ¢ € RT. The
case € = 0 will then be a direct consequence of Lemma
28.

Theorem 31 (Infinite volume magnetic pressure)
Let Bext = So(jext) With jexy € C° N PL$. Then,

P = lim 73[(6) = -8 e € RT.
l—o0
Proof. By (52), note first that

e 1 . .
Pl < — inf {2||50(J) + Bextll3 — p1 (Te(So(j) +Bext))}

JET
(148)
with J; being the set defined by
J={ien:|lille <7} NCEGRY) . (149)

Since kerS = Pll§, ie., S(j) = S(j+), we thus infer
from (57), (135) and (148) that P\ < —B for any
e € R and [ € N. In particular, in the limit [ — oo one
gets Pég) < —%((;) for any € € RT, using Lemma 27. It
remains to show that, for any ¢ € RT, 728(02) is a lower

bound of the magnetic pressure ’Pég).



By Lemma 26, there is a norm convergent sequence
{Bgn)}neN C So(J) such that

1
B = lim {QHBE”)+Bext||§—poo(Te(BE”)JrBext))

n—oo
(150)

Moreover, for any n € N, there is by definition a cur-
rent density jﬁ") € J generating the magnetic induction

B = Sy(3™). Therefore, by Lemmata 19, 21 and 22
together with (28) and (38), for any fixed n € N, there is a
sequence {p; }1en of quasi—divergence—free states p; € Eki
satisfying

Jim [BY) ~BM =0,  neN,  (151)

and

lim {fl(TeB;(ll)apz) — inf fi(T(BM +Bext)ap)} =0.
=00 i pPEEN,
(152)

Hence, the lower bound lim;_, ., Pl(s) > —%Efo) for any
e € RT is a direct consequence of (51), (53), (150), (151)
and (152) together with Theorem 15 (i). O

Corollary 32 (Magnetic pressure for ¢ = 0)
Let Bext = So(jext) With jext € C5° N PL$. Then,

Poo := lim ng) = —%ég) .

e—0t

Proof. See Lemma 28 and Theorem 31. O
It remains to establish the relation between the solu-
tions of the variational problem %S;) for e € Rt and the

sets B of all weak (=) and norm (+) cluster points of

self-generated magnetic inductions B&le)_’l, see (58). This
result is a relatively direct corollary of Theorems 24 and
31.

Corollary 33 (Magnetic inductions)
Let € € RY and Bexy = So(jext) With jexs € C° N PL§H.

Then, IB%EH = Bgf) C B is a set of minimizers of %5;).

Proof. The inclusion IB%EJF) C Bgf) is clear and Bgf) £ (),
by weak compactness of balls. Take any B, € IB%E_). By
definition of Bgf), there is a subsequence {l,},en such
that BS}"? converges in the weak topology to B, € B,
as n — oo. Note that {B‘E,l:l)n}neN C So(Jp) with 7
being the set defined by (149). Since kerS = Pl§, we

have {Bff"l)n tnen C So(J). Therefore,
B € B:=8(J) ,

see (57). Using Theorem 24 (ii), the weak lower semi—
continuity of the map B — ||B]|2 as well as Theorem 31,
we also deduce that B, € IBE_) must be a solution of the
variational problem %(02) and

Tim B8 [l = [Blo - (153)
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To prove the latter, use the equality

IBS») + B3 = 1BS?) 13+ 1B +2(BS")

We,ly We,ly We,ly?

B)2 (154)
for B = Bext, as well as the weak continuity of the map

B 2<B7Bext>2 +poo(‘:e(B + Bext)) )

see Theorem 24 (ii). It follows that B{™) is a set of mini-
mizers of B, Using (153) and (154) with B = —B,, we
deduce that B(El",)l converges in norm to B, as | — oc.

In other words, IB%E_) - IB%EH. O

By Lemma 29, this corollary also links in the limit ¢ —
0T the sets {Bgi)}eew to the approximating minimizers
of the variational problem EB(()E,).

We analyze now in detail the variational ‘BS;) for all
€€ Rar. In the limit 8 — oo of low temperatures, recall
(86), that is, Mg | = O(e PBe=h)) whenever (87) is
satisfied. It means that, as 8 — oo, the pressure po, (B)
does not depend much on magnetic inductions B € B that
satisfy (87) on €. Therefore, we first study the variational
problem (63), that is,

1, 2
=7 inf B+ Bl (155)
Lemma 34 (Variational problem 2)

Let Bext = So(jext) With jext € C§° N PL§y. Then, there
is a unique minimizer By € B of A. The latter fulfills
Bint = —Bext a.e. in €.

Proof. By [18, Theorem 3.12], recall that the weak clo-
sure B (57) coincides with the norm closure of Sy(J).
By linearity of the Biot—Savart operator S, we then con-
clude that B C P+ L?, equipped with the L?-scalar prod-
uct, is a sub—Hilbert space of L2. As a consequence, by
strict convexity and weak lower semi—continuity of the
map B +— ||B||2, there is a unique minimizer B, € B
satisfying the Euler-Lagrange equations

<Bint + Bexta B>2 =0 5 BekB. (156)

Now, since the space C§°(€;R3) is dense in L?(€;R3),
it suffices to prove (156) for all B € C§°(€;R?) (instead
of B € B). Take

jt =V x B € C§°(¢; R?)

for any B € C§°(€;R?). Then, clearly, V - j- = 0 and
thus j© € J. Moreover, as explained in Remark 7,
So(jt) = PtB and PYB € B. Since, by definition of
the Biot-Savart operator, By, € PL? and, by assump-
tion, Bexy € PHL2, we infer from (156) at B = P+ B
that

<Bint + Bex‘m PLB>2 = <Bint + Bexta B>2 =0 (157)
for any B € C§°(€;R?). Indeed, Pl and P+ are mutually
orthogonal projections. See, e.g., (28). O



Since B (57) is a closed space with respect to the L?—
norm (cf. [18, Theorem 3.12]), we use (38) to observe

that B = S(J), where

JcrPrancr@rs)

is the (norm) closure of the set J. As a consequence,
Equations (38) and (155) yield (64), that is,

1

3 nf 17+ + Jext [ - (158)
J

In particular, there is a one—to—one map from minimizers
of (155) and minimizers of (158). By (37) and (156), the
unique minimizer ji., € J satisfies the Euler-Lagrange
equations

jted.

(it +Jext: 3 )n =0, (159)

The latter implies that ji, is a distribution supported on
the boundary 0€ of &, provided (41) holds:

Lemma 35 (Variational problem J)

Let Bext = So(jext) With jext € CF° NPL9. Assume addi-
tionally (41), that s, supp(jext) C R\&. Then, there is a
unique minimizer jfnt € J of 3 which, as a distribution,
is supported on the boundary 0C€ of €.

Proof. Uniqueness and existence is a direct consequence
of Lemma 34, as explained after (158). Now, similar to
(157), we deduce from (159) that

j € C(ERY) .

(it +Jexts d)s =0, (160)

The current density jex; and the minimizer j. both
create vector potentials respectively equal to A (jext)
and A (jih,), see (65)—(67). By (160), the distributions
A (jext) and —A (jii,) are equal to each other within the
unit box ¢:

A (.]1J1:1t) =-A (jcxt) )

Since jext € C§° N PL$ is by assumption supported on
R\, —AA (jext) = 0 (in the strong sense) on the unit
box €, which, together with (161), implies that

—AA (i) =0,

on C§°(¢;R?) . (161)

on C5°(¢;RY) . (162)
Combining this equality with (68) and ji-, € J, we arrive
at the assertion. a

Therefore, we deduce from Lemmata 34 and 35 that
the solution Biy = S(ji,) of the variational problem A
(155) comes from surface currents ji-. € J which annihi-
late a.e. all the total magnetic induction inside the bulk
€. We take advantage of this property to analyze the full
variational problem B (135).

Like in Lemma 34, we start with a first consequence
of the Euler-Lagrange equations associated with ‘Bf;) for
any € € Rf. Recall that BL) has minimizer(s) B, € B
for all € € Rt (cf. Lemma 26), but the existence of

minimizer(s) of the variational problem ‘ng) is unclear.
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Lemma 36 (Variational problems Bl — III)
Let € € RS‘ and Bext = So(jext) With jexy € C§° N PL5.

Assume that B¢ is a minimizer of ‘BS;), Then,
Be — Bint = M5 (TBe + TBexi) a.e. in € .

Here, Bin is the unique minimizer of A (Lemma 34),
whereas Mé = P1Mjg € C™ is the transverse component
of the magnetization density Mg = Mg(B) defined on R3
by (62) for all B € L?.

Proof. For any r € RS‘ and all B,C € L2, the map
t — §(r,B+¢C) from R to R is differentiable. Explicit
computations show that

3§ (r,B+tC) |i=0 (163)
B 1[t € €] Jsinh (Bhy) Bt 3
n /]Ra cosh (Bh¢) + e=B* cosh (Bg,) |B (1)] C(t) dt.

On the other hand, by (135) combined with Theorem 15
(1),

1
§B<(>EO) = lnf lnf {2|B + Bext”% — 8(7", TGB + (EeBext)}

r>0BeB
(164)
for any € € R} Therefore, by (62), (75), (163) and (164),
the corresponding Euler-Lagrange equations associated

with B read: For all B € B, all rz € R solution of

(75), and any minimizer B, of Bl (provided it exists
when ¢ = 0),
<Be + Bext: B>2 = <M5((EEB6 + 37eBext)7 B>2 . (165)

(Note that Mg depends on rg.) Using (156) and (165),
we arrive at the equality

<Be - Bint7B>2 = <M,6’((3:€Be + SeBext)7B>2 ) BeB ’
(166)
from which one easily shows the assertion. See proof of
Lemma 34 for more details. ad

Lemma 36 or Equation (166) yields a general estimate
on the L2-norm of solutions of B and 2:

Lemma 37 (Variational problems Bl — V)
Let € € Rg and Bext = So(jext) With jext € C5° N PLg.

Assume that B is a minimizer of %5;). Then, Bc—Bijut €
by (0). Moreover, if e < ez (cf. (22)) then

IB. — Bl < M (S.(B. — Buoe)) |12 + 0]\ /2
with 9|E\€|Y/? = O(\/e), see (142).
Proof. Assume that B, is a minimizer of B for some
e € Rf. We already know that such a minimizer exists
for all ¢ € R* (cf. Lemma 26). Since B, Bins € B, it
follows from (166) applied to

B=B.:=B. - By € B



that

|Be||? :/Mﬁyt(fze(BﬁBm)) ‘B, d%t . (167)
¢

In particular, by (62) and the Cauchy—Schwarz inequal-
ity, we obtain ||I~36||2 < 9. In other words, B, — Bin; €
by (0), see (131).

Take now € < €. Then, € C € is a non-empty set,

see (142). By Lemma 34, T By, = —TBext a.e. in €.
We thus rewrite (167) as

1B, ||2—/ My (T

Mg(%B,) - B, d®t.

[

¢ +Bext)) - Be d3t
(168)

By (62) and the Cauchy—Schwarz inequality, we deduce
from (168) that

IBell2 < DI€\E] 2 + [Ma(TBo) 2 -

(This bound is proven in the same way as (143).) O

Lemma 37 directly yields the suppression of the total
magnetic induction within € (a.e.) for sufficiently high
temperatures because in this case the map B — Mg(B)
from L? to L?(¢;R?) satisfies |[Mg(B)|2 < m|B||2 with
m < 1:

Lemma 38 (Variational problems Bl — V)
Let € € [0,€¢) and Bexy = So(jext) With jexs € C°NPLSH.
Assume that B is a minimizer of Bl If <97 then

W™ -8)

(), see (142).
Proof. For all B € L?(€;R?) and 8 € RT, note that

,tanh? (Bhy)
e

using (62) and tanh () < ¢ for all t € RJ. Since ||| <
1 for any € € R}, we thus arrive at the assertion by
combining the last upper bound with ¥4 < 1 and Lemma
37. O

This last situation, i.e., the high temperature regime,
is of course not the main case of interest. Moreover, it is
questionable from the physical point of view, see discus-
sions in Section VI (cf. 4.). We are instead interested in
showing the Meifiner effect at large enough inverse tem-
peratures 8 >> 1 and large BCS couplings v >> 1 to
ensure the presence of a superconducting phase.

Now therefore, we pursue our analysis of the varia-

HB - Blnt||2 |¢\€6|1/2

with Y|E\&|V/? =

IMs(B)|I2 < /ﬁ 9262 &t < 926%BJ2

tional problem B by using the asymptotics |Mgon| =
O(eBhe=h)) (cf. (86)) whenever (87) is a.e. satisfied
on some open subset ® C €. We give below a sufficient
(but not necessary) condition to prove in Theorem 40 the
Meifiner effect at low temperatures.
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Lemma 39 (Variational problems B - VI)

Let € € [0,€¢) and Bexy = So(jext) With jexy € C5°NPL$H.
Assume that B¢ is a minimizer of %éi} such that
h (Sh
3 . ﬂCOS (5 ) +’l9h71 < 19—1

- e_B/\ COSh (Bgrﬁ(fg (Bg*Bint)))

for some h € RY. Here, 15(%c(Be — Bint)) stands for any
arbitrary solution of (75) with B = T (B, — Bint). Then,

_ —1
B = Bintlly < (071 —3) " |€\& |2

O(Ve), see (142).

Proof. Take any constant h € RT. The magnetization
density Mg = Mg(B) € C§°, defined by (62) for all B €
L?(€;R3), trivially satisfies

with Y|E\&|V/? =

Mgl < [[1{he < BIMglly + [[1[he > h]Mg|l,  (169)

with h¢ := ¥ |B(t)] a.e. for t € €. Using (62) and the
mean value theorem, one gets that

B9 cosh (Sh)

1[h¢ < h]M < — " |B|, . 170

117 < B[Msll, < e~P cosh (Bgy,) I3l 1o
On the other hand,

[1[he > W]Mgll, < Mgy [1[he > B[, <9°h~" B, -

We combine this with (169)—(170) to deduce that

B9 cosh (Sh) 9y _1
M <|———F~ +9h B, -
[ BHQ = <e_/3,\ cosh (Bgrg) + | ||2

Applying this inequality to B = (B, — Bjyt) and using
Lemma 37 and ||T¢|| < 1, we finally find that
IBe = Bintlly <39 IBe — Bingll, + ﬁ‘@\@e‘l/Q
from which we deduce the lemma O
Sufficient conditions to ensure that assumptions of the
last lemma hold at large 8 > 0 are given by u < —9? and
v > | — ATy with

4
=>4
1=l

See Lemmata 16 and 37. Indeed, the Meifiner effect is
directly related with the existence of a superconduct-
ing phase, which is characterized by a strictly posi-
tive Cooper pair condensate density for all minimizers

We, € Ql(e) in the limit € — 0T, see (60).

Theorem 40 (Superconducting phase — IT)

Let p < —0%, v > |t — ATy and Bext = So(jext) with
jext € O N PL$. Then, there is 3, € R such that, for
all B> p.:

(i) Any family {Bc}ecr+ C B of minimizers of EBgfo) con-
verges in norm to the unique minimizer Biy of A (cf.



Lemma 34).
(ii) Bint is also the unique minimizer of %E}Z).

(iii) For any sequence of minimizers we; € QZ(E),

lim liminfw,; (@) = lim limsupwe; (%) =rp(0)

i in AT ) = Jm, limsu
with

r5(0) > T5% =42 (u—X2)7 >0
being the unique solution of (75) for B = 0.

Proof. (i) For any B € by(0), u < —9? and v > | — [Ty,
by Lemma 16, there is 3, € R such that, for all 8 > S,

hC(B)::grﬂ—/\>h:=gt0—/\>192

with vy defined by (79) for ¢ = 0 and R = . See also
(87). By Lemma 37, it follows that the conditions of
Lemma 39 are satisfied for ¢ € R*. The latter yields

||Be - Bint||2 = O(\/g) .

(ii) We combine (i) and (147) with Theorem 15 (ii)

to check that Bj,t is a minimizer of %5}33. On the other

hand, recall that, for any B € by(0), the conditions of
Lemma 39 are also satisfied for ¢ = 0. Hence, Bj, is the

unique minimizer of %(02).

(iii) Since, by definition, w.; € Ql(s) minimizes the
magnetic free—energy density functional ]—"l(e) (49), ev-
ery we) € Ql(e) can be seen as a tangent functional to

the magnetic pressure Pl(ﬁ) (53). See [4, Section 2.6] for
further details. In particular,

. (©) (o _ ko : (©
Jim 077 (7-0) < et (24 < tim 0,77 (49
(171)
for any [ € N. Observe now that the finite volume mag-
netic pressure Pl(ﬁ) = P 2 (7) is a continuous convex
function of v € R*. Indeed, Pl(e) (7) is the supremum

over a family of affine functions of v € RT. There-
fore, by Griffiths arguments (see, e.g., [1, Eq. (A.1)])
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together with (171), the point—wise convergence of func-
tions Pl(é) = 731(6) () towards the continuous convex func-
tion Péf_,) = Péf;) () yields

lim 8,P) (v — 8) <) <) < lim 9, PL) )
5_1>H01+ Y7’ oo (fy )—Te —Te _6—l>rél+ Y oo <7+ )

(172)
for any € € R™, where

r(7) = lim inf we, (T(/)TCL(\)) L) = hﬁigp We,l (T?\—j‘l’) .
(173)
(A.1)] to the family

{Pég) (7) }ecr+ of continuous convex functions, we deduce
from (59) and (172)—(173) that the limits

By applying once again [1, Eq.

r((f) ;= liminfr(~)  and r(()Jr)
e—0t

must obey:

= limsup (™) (174)

e—0+t

Jim 0,Po (v = 8) < vy <) < im0, Poc (v 4)
(175)

Note that P, () is of course well-defined for all v € RT.
In fact, we combine (ii) with Theorem 15 (i), Corollary
32 and Lemma 34 to obtain that, for any v > |u — ATy,

1 -
Poo =Poc (7) = _i‘lBintHg + §(r5(0),0) (176)
with Bint := Bint + Bext and r3(0) being a solution of (75)
for B = 0. By Lemmata 16 together with [1, Lemma
7.1], the solution of (75) is unique. Using (176) while

keeping in mind that Bj,; is the minimizer of ‘ng) for all

727" > [p= Al (cf. (i) and § > B, = B.(v') (cf.
Lemma 16), we then conclude that

im0, Poc (v = 8) = lim 0, P (7 +8) = 15(0) .

Because of (174)—(175), the latter yields (iii). O
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