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Ground state photon number at large distance

L. Amour, L. Jager, J. Nourrigat

Abstract
The purpose of this article is to give a result of localization in position space of the photons in the
ground state for a Hamiltonian describing nuclear magnetic resonance in quantum electrodynamics.
We prove that |x|~° is an upper bound of the photon number density as |z| goes to infinity. We also
obtain the asymptotic behavior of the photon number at infinity and prove in particular that it is
the smallest in the direction of the expectation of the total spin in the ground state.

Keywords: Ground state, photon localization, photon number, photon density, photon asymptotic,
nuclear magnetic resonance, quantum electrodynamics

1 Introduction.

This article is concerned with the ground states of a Hamiltonian describing Nuclear Magnetic Resonance
(NMR) in the framework of Quantum Electrodynamics (QED), in particular with the localization in
position space in R? of the photons in these states.

NMR is the spin interaction of a finite number of static particles of R? with a constant magnetic field and
with the quantized magnetic field. This phenomenon is represented by a Hamiltonian H(g) depending
on a positive parameter g (the coupling constant) and acting on a Hilbert space Hiot. This Hamiltonian,
introduced by Cohen-Tannoudji, Dupont-Roc and Grynberg [8] (see also Reuse [32]), may also be seen
as a simplification of the Pauli-Fierz Hamiltonian [6, 12]. It is recalled in Section 2.

The Hilbert space Htot is a completed tensor product Hiot = Hpn ® Hsp, Where Hyp is the space of the
photons and Hsp, the space of the particles with spin (see Section 2). The space Hpn is a Fock space,
in which the usual operators, as the number operator N or the annihilation operators a(k), k € R3, are
defined.

If f belongs to the domain D (N 2@ ) then one can localize the photons in a given state f of the
Hilbert space Hiot, in momentum space, as well as in position space. We recall in Appendix A that, for
all fin D (N'/?), one can define a function (annihilation operator) denoted k — a(k)f defined almost
everywhere on R? and taking values in H2 , belonging to L*(R*, #3, ) and that, the expectation of photon
number in this state f is given by:

INVFE = [ ot
RB
For our model, if f € D (N2 ® I) then the expectation of the photon number is:

IV e ngi= [ e o Do,



One can localize photons in momentum space in the following way. If E is a Borel set of R3, one usually
considers that, in the state f € D(N'/2®1), the expectation of the number of photons with a momentum
belonging to E is given by:

[ at & Dy
E

The localization in position space is less studied but it can be nevertheless analyzed using the Fourier
transform.

For all f in D(N'/? ® I), since the function k — (a(k) ® I)f belongs to L?(R3, H3.,), one can define its
Fourier transform, which is also in L?(R3, H} ,). We denote this transform by # — (a@(x) ® I)f. By abuse
of notation, one usually writes:

(@)@ I)f = g e" "k (a(k) @ I)fdk. (1.1)

One has:
2m) [ @) @ DlPdz = (N © D55

Since (N®I)f, f) is the average number of photons, one can consider that the average number of photons
with a position lying in a Borel set E of R? is given by:

(Nsf. f) = (2m) /E la(z) ® I)f|Pdz. (1.2)

In this way, the function = — ||(@(x) ® I) f||? can be seen as the density, in position space, of the number
of photons in the state f € Hiot. We note that, the problem of the localization of photons is mentioned
in Reuse [32] (page 296-297). See also [26] and [4]. Let us mention that the operator Ng defined in
(1.2) is identical to the operator dI'(1g(iVy)) introduced in [11] for other issues. Our objective is to
study this function when f is a state of minimal energy of the Hamiltonian given in [8]. It was shown in
[6, 19, 34, 13] that the infimum of the spectrum is an eigenvalue. This result is recalled in Theorem 2.1.
The eigenvectors are called ground states. Their properties are studied in, e.g., [23, 5, 24, 10]. It is proved
in [13] that, if the constant external field is not vanishing and if the coupling constant is sufficiently small
then the subspace of ground states is one dimensional. It is well known (see [10, 21], see also [19] and
[6, 13]) that every ground state U, of the Hamiltonian H(g) belongs to the domain D(N™ @ I) for an
arbitrary m > 0. It is also well known that the ground state is not in the photon vacuum. See [13] for
estimates of the average number of photons in the state U,.

Consequently, if the constant external field is not vanishing and if the coupling constant g is small enough,
one can study the function z — ||(@(z) ® I)U,||* when U, is a normalized ground state, which is the
purpose of our main result, namely Theorem 1.1. This function is supposed to describe the localization
(in position space) of the photons in a ground state.

The main result is the following.

Theorem 1.1. Suppose that B** £ 0. Let U, be a normalized ground state of Theorem 2.1, where the
coupling constant g is small enough to ensure that the space of ground states has dimension 1. Then:

1. The function x — |2|>/2(a(z) @ 1)U, is bounded and continuous on R3, with values in Hy .



2. For all unit vectors v of R3, one has:

~ 3
lim |z[*/2(@(|afv) © DU, = ——zx(0)(v x StT)U,
where x is the "ultraviolet cut-off function”, used in (2.1) for the definition of the magnetic field
operator, and where SI*% is the expectation of total spin in the ground state Uy, i.e., the vector of
R3 with coordinates:

P
S]['mt] = Z<(I ® U]['A])Uga Ug)
A=1

where ot is defined in (2.8).

J

In physics, one often supposes that x(0) = 1. In particular, for the local density of the photons of the
ground state, there exists C' > 0 such that:

[(@(z) @ DU|I> < C(1 + |a])~°.
Since U, is normalized, one has, for all unit vectors v € R3:

JimJaf*@(Jelo) @ DU 2 = O/Dx(O)F (v x St
One sees that, for large distances, the photons are fewer in the direction of the expectation of the total
spin.

Section 2 is devoted to the precise description of the model, Section 3 gives the proof of the main
result (Theorem 1.1) and the appendices recall some facts concerning annihilation operators and the Pull
Through Formula.

2 The Hamiltonian and its ground state.

The Hilbert space of the states of our system is a completed tensor product Hpn ® Hsp, where Hpyp is the
Hilbert space of the free photons and Hs,, the space of the particles with spin.

Photons. The one photon configuration Hilbert space H is the set of mappings f € L?*(R3,R3) satisfying
k- f(k) = 0 almost everywhere in k € R?® (see [29]) where |f|* = [o. |f(k)[*dk. Then, Hc stands for
its standard complexification and one denotes by (f, g) the scalar product of two elements f and g of
Hc, where the mapping g — (f, g) is antilinear. The Hilbert space Hpp, of photon quantum states is the
symmetrized Fock space Fs(Hc) over He the complexified space of H. We follow [31] for Fock spaces
considerations and notations, in particular, for the usual operators in these spaces: the Segal field ®g(V)
associated with an element V in H2, the I'(T') and dI'(T') operators associated with some operator T'
acting in H2. Note that, throughout this paper, the space H? is sometimes identified to the complexified
space Hc but this identification is not everywhere systematically effectuated in order to avoid possible
confusions.

Let M, be the operator with domain D(M,,) C H such that M,q(k) = |k|q(k) almost everywhere in
k € R3. We denote in the same way the analogous operators defined on H? or on the complexified space



Hc. In the Fock space framework, the photon free energy Hamiltonian operator Hyy, is usually defined
as Hpp = dT'(M,,).

The photon number operator denoted by N is N = dI'(I).

The three components of the magnetic field at each point z in R? are defined using the elements Bj,
belonging to H? and written as follows, when one identifies #? with the complexified space Hc:

ix([k]) [k
(2m)?

—ia) kX €

e k € R*\{0} (2.1)

where the function x (ultraviolet cutoff) belongs to S(R).

One then defines the magnetic fields components operators at each point x of R3 by:
Bm(x) = (I)S(Bmm)a

form=1,2,3.

Spins. The configuration space of the system of P spins is then the space Hg, = (C?)®F. The fermion
property for the spin—% fixed particles is omitted here. In the space Hgp, we use the operators related to
the spins of the different particles. Let o; (1 < j < 3) be the Pauli matrices:

o, = ((1) (1)) , o9 = ((Z) Oi) , o3 = ((1) 01) . (2.2)

For all A < P and all m < 3, we denote by o%\] the operator in Hgp defined by:

N=T® - @IQe, I®---®1I, (2.3)
where o,, is located at the A" position.

The Hamiltonian. This Hamiltonian is often used for modeling NMR in quantum field theory (see [30, 27
and Section 4.11 of [32]). It is a selfadjoint extension of the following operator, initially defined in a dense
subspace of Hpn @ Hep:

H(g) = Ho + gHin, (2.4)
where g is a positive constant and:
P 3
Hy=Hup®@I+Y > BxX'®ol) (2.5)
A=1m=1

where Hpn = dI'(M,,) is the photon free energy operator, acting in a domain D(Hpn) C Hpn and
Bt = (B{**, BS**, B$**) # 0 is the constant magnetic field. Moreover:

P 3
Hy =Y Y Bu(z)) @ ol (2:6)

A=1m=1

and the ) (1 < X < N) are the points of R3 where the static particles are located.



If an element U of H? lies in the domain D(MJUQ) then the Segal field ®g(U) is bounded from D(Hpy)
into Hph, see point ii) of Proposition 3.4 in [1] or see [9]. This is therefore the case for the operators
Bj(x) according to the assumptions on the ultraviolet cutoff function x in (2.1). Thus, according to
the Kato-Rellich Theorem, H(g) has a selfadjoint extension with the same domain as the free operator
Hy, ® I domain.

The ground state. Let us now recall the results of [19], [34] and [13] about the ground state of this
Hamiltonian, or more precisely of Hamiltonians very close to this one.

Theorem 2.1. The operator H(g) defined by (2.4), (2.5) and (2.6), admits a selfadjoint extension
with the same domain as the free operator Hy. There exists a unit element U, of D(Hy), such that
H(g)Uy, = E(g9)U,, where E(g) is the infimum of the spectrum of H(g). This element U, is in the
domain of N™ ® I, for all m > 0. If g is small enough and if B™" # 0, this element U, is unique up to
a phase factor.

This theorem follows from [13] (Theorem 1 page 447), and, for the uniqueness, from [34] and [22].

3 Asymptotic behavior at infinity of the photon number.

Theorem 1.1 is proved in this Section. We first note that, according to equality (B.1), the mapping
k — (a(k) ® 1)U, taking values in H3, belongs to L'(R?), and consequently, its Fourier transform
denoted by x — a(z)U,, also taking values in H3,, is continuous on R3.

The following result is useful in order to prove the other points in Theorem 1.1.

Proposition 3.1. Let (H,D(H)) be a self-adjoint operator in a Hilbert space H and suppose that the
spectrum of the operator H is the half line [E,00) (with E € R). Then,

F(z,HE)=z2(H—E+2)™*

is a holomorphic mapping on the half plane {z € C, Rez > 0}, continuous on the closure of this half
plane without the origin, and with a norm smaller than or equal to one. Let (z,) be a sequence of complex
numbers satisfying Rez, > 0 and converging to zero. Then, for any f € H:

lim F(z,,H,E)f =Pf

n— oo

where P is the orthogonal projection on ker(H — E).

Proof. Set ¢ the function defined on the spectrum of H by ¢(F) =1 and ¢(z) =0 if 2 > E. For any z

belonging to the spectrum of H, set:
Zn

Pn(z) = mtz—E

If Rez, > 0 then |p,(z)] <1 for all x in the spectrum of H. In addition, ¢, (z) tends to ¢(z) for each z
in the spectrum of H. According to a standard result (for example, see [7] Lemma 3, Chapter 5, Section
4), on(H) f tends to p(H)f for each f. Observe that @, (H)f = F(z,, H, E)f. It is also well known (see



[7], Theorem 3, Chapter 6, Section 1) that ¢(H) is the orthogonal projection on ker(H — E). The proof
of the Proposition then follows.

O

The mapping (a(z) ® I)U, is given by (1.1) and (a(k) ® I)U, by (B.1) and (2.1) where Uy is the ground
state. That is:

(@(@) & 10y = 2 ZZ [ DI e o

A=1m=1 ||

with f[’\] =I® O'»%\])Ug. In the sequel, x(|k|) is approximated by x(0)e~¥I. Therefore, the following
function is under consideration:

1 . _ kxem
)V, = ZZ/ Fx(0)e™ [k |E 22 (H — B (k)L D dk. (3.1)

A=1m=1 ||

Lemma 3.2. There exists C' > 0 such that:

Cyg

[(@(z) @ DUy = b(2)Uy|| < —3 e

Proof of the Lemma. The standard measure on the unit sphere S? is denoted by p. For any v € S2,
m < 3 and A > 0, one has:

cos A sin)\} (3.2)

/S2 e” AV (W X e )dp(w) = 4imt(v X ey,) [T -2

One then deduces the existence of C' > 0 satisfying:

3
I@(x) @ DU = b(@)U| < C Y ()

with, if = |z|v, |v] = 1

> [cos |z sin |z
Inta) = [ |22 - T a1

|z]p (Iz]p)

where:
D, (p) = p°/? (x(p) - x(O)e’p) (H—E+p)" fm.

* sin(|z|p) L e d [Bap)

| @ o = o [ costolo o [ 222 ] g

|z[p
These integrations by parts holds true since as p — 0:
2
A [2mlp) ]| | & [Lmlp) <L
dp | p? dp* | p

One checks that:

and:




Moreover, the left hand side is rapidly decreasing as p — oo. The proof is thus completed.

O

Proof of Theorem 1.1. 1t is sufficient to consider b(z)U,. For each v € S?, one sees using (3.1) and (3.2):

P 3
b(lzlo)Uy = x(0)7 =2y " Y " v X em IDu(l2])

A=1m=1
with: . " -
COS |T Sin | x _ _
Ir[r;\,]aux("ﬂ) :/ L 2p p5/2e p(H - E+p) 1f7[7i‘]dp
0 |zp (z[p)
One has:
o 22 cos(t?) — sin(e2))e— /el (L B
Im aux(|z|) | |5/2 (t COS(t >7SIH(t ))6 F(m H E)fm dt

where F(s,H,E) = s(H — E +s)~!

We can write L[n]aux = 17/>L+dux + 17/>L aux

1 > it? -\ — x
I’f“"lwl—f’”/o e (12 4 gi)e /| F<HHE)fHdt

with e = £. If |z| > 1, a change of contour of integration shows that:

1 i > —r?  —cir?/|z 5’”‘2
Ify‘iaux = |$|5/2 (eie® /4)/O (r2+1)e cir?/| F( ’ ,H,E) fj;l\] dr.

setting:

It is therefore deduced that:

P21, () < 2] / 24 e dr.

(3.3)

(3.5)

(3.6)

Consequently, the function z — |2|%/2|b(x)| is bounded on {|z| > 1} proving point i) of the Theorem

when using Lemma 3.2.

Using Lebesgue’s dominated convergence Theorem, point ii) comes from:

|| =00 m,aux z—0,Rez>0

lim |22, (Jz]) = (eie™/*)  lim _ F(z,H,E)f}) / (r2 + 1) " dr.
0

The existence of the above limit comes from Proposition 3.1 which also shows:

lim  F(z,H, E)fN = Pf,, = (fN U,)U,

2—0,Rez>0 m?

where P is the projection on the eigenspace of the infimum of the spectrum of H(g). Therefore:

|z]—

A=1m=1
2/mx(0)(v x S[tOt])Ug/ (r* + 1)€_T2d7“
0

= —Sx(O)( x 80,

lim |z|>/2b(|x|v)U, = —/2/7x(0 Z Z v % en((I @MU, U, (U, / (r* + l)efrzdr
oo 0



proving point ii) with the help of Lemma 3.2.

Appendices

A Standard facts on annihilation operators.

The following results are classical but adapted to the Hilbert space H in Section 2. We denote by
Fi®(Hc) the subspace of Fy(Hc) constituted by the finite linear combinations of the symmetrized
products of g1 ® -+ ® g, where the g; € S(R?,R?) satisfy k - g;(k) = 0 for all k € R3.

For all k € R3 and f € Fr8(Hc), a(k)f is classically defined as follows. For any (non symmetrized)
product g = g1 ® - - - ® g, With the g; satisfying the above conditions, one set:

a(k)g = vVmg1(k)ga @ - -+ ® grn.

This definition is next adapted to the symmetrized space. Since the function g; takes values in R?, one
sees that k — a(k)f takes values in (Fs(Hc))? and belongs to S(R?). One also notes:

(Nf. f)= /R lla(k) f||?dk.

The next two propositions are useful for the purpose of an extension by density in D(N Y ).

Proposition A.1. S(R?,R3) NH is dense in H.

Proof. Set f € H and p a C* smooth cut-off function defined on R*, vanishing on [0, 1] and equal to
one on [2,400). One has:

lim [ |f(k) = f(k)p(nlk[*)]* dk =0

n—o0 Jps3
using Lebesgue Theorem. The above norm | | is the one in R3. Thus, the set Hg of functions in H
vanishing on a ball centered at the origin is dense in H. Take f € Ho vanishing on a ball centered at
0 with radius n > 0. There exist sequences fi(") of S(R3,R) converging to f;, for i = 1,2,3 (n is the
coordinate index for these sequences). It is naturally not clear that:

3
Z kifi(n)(k) =0
1

and therefore that f(™ (whose components are the fi(")) belongs to H. We then set, again with a cut-off
function:

L
|2

4
9" = = g k) P IR, (A1)



One checks that g™ € H N S(R?,R3) and tends to f in H, i.e., with the L?(R? R?) norm.

0
Proposition A.2. FI°¢(Hc) is dense in D(N'/?).
Proof. One chooses a basis (u;) of H in H N S(R3,R?) and sets:
|
=/, <®u®> . n=lal (A.2)

The set of {, (with || = n) is an orthonormal basis of ®7H (see Janson [25]). Thus, the set of finite
linear combinations of {, (with arbitrary |a|) is dense in the set of finite number particles F*(#) which is
dense in D(N Y 2). The proof of the Proposition is then complete since the set of finite linear combinations
of {, is included in FI°&(Hc).

O

We can now extend the definition of a(k) to D(N'/2).

Proposition A.3. Set f € D(N'/?) and a sequence (f,) in Fi°8(Hc) converging to f in D(N'/?).
Then, the k — a(k) f,, has a limit in L*(R3?, (Fs(Hc))?). This limit is denoted (definition) by a(k)f.

Indeed, according to the previous points, one has if m < n:

/RS (k) (fm = F)Idk < (INY2 ol + [INV2 Ll DINY2(fin = f)

and one also has (¢ € D(N1/2)):
INV2l? = [ fa(bela (43)

B Pull Through Formula

Let Uy be a normalized ground state given by Theorem 2.1. It is recalled in Theorem 2.1 that U, belongs
to the domain N™ @ I for all integers m. According to Proposition A.3, the function k — (a(k) ® I)U,
is well defined as an element of L?(R3,H2 ). In particular, this function is defined almost everywhere.
We give in the next result an explicit expression of this function, recalling the Pull through formula and
its proof (see [13] and see also [33, 16, 12, 19, 17, 6]). The uniqueness of the ground state is not useful.

Theorem B.1. Let U, be a (normalized) ground state of Theorem 2.1. Then, for almost every k €

R3\ {0}:
(a(k) ® DUy = =(9/V2) Y D" By (k)(H(g) = E(g) + [K) "' (T ® ol3))U, (B.1)

A=1m=1
where By, 5, (k) is defined in (2.1). Consequently:
P

°. B, (K)| o
(alk) ® DU < (9/v2) Y " =i (1 @ ol Ul. (B.2)

A=1m=1 |k|



Proof. In view of Lemma 2.5 in [9]:

[T (M.,), a(k)] = —[k|a(k). (B.3)

Thus, from (2.4) and (2.5), for almost every k in R3:

(H(g) = E(g) + [k])(a(k) © U, = (a(k) @ I)(H(g) = E(9))Uy + g[Hins, (a(k) @ 1)U,

One has: b
[Hine, (a(k) @ 1)] = Y > [Bu(x), a(k)] @ o).
A=1m=1
Besides:
V2[Bn (@), a(k)] = [a* (B, )s alk)] = —Bun (k). (B.4)
Consequently:
P 3
i (k) € 1)) = ~(1/VD) Y 3 By ()L 2 012).
A=1m=1

For all k # 0, the operator (H(g) — E(g) + |k|) is invertible. One then deduces equality (B.1). O
References

[1] L. Amour, R. Lascar, J. Nourrigat: J. Math. Phys. 58 (2017). (Weyl calculus in QED I. The unitary

2]

[6]

[7]

group.)

L. Amour, R. Lascar, J. Nourrigat: J. Pseudo-Differ. Oper. Appl. 1, 1 (2019). (Weyl calculus in
Wiener spaces and in QED).

L. Amour, J. Nourrigat: preprint, arXiv:1512.08429 (2015) (Hamiltonian systems and semiclassical
dynamics for interacting spins in QED.)

W. O. Amrein: Helvetica Physica Acta 42, 149 (1969). (Localizability for particles of mass zero.)

A. Arai, M. Hirokawa: J. Funct. Anal 151, 455 (1997). (On the existence and uniqueness of ground
states of a generalized spin-boson model.)

V. Bach, J. Frohlich, I. M. Sigal: Adv. Math. 137, 299 (1998). (Quantum electrodynamics of confined
nonrelativistic particles.)

M. Sh. Birman, M. Z. Solomjak: Spectral theory of selfadjoint operators in Hilbert space. Translated
from the 1980 Russian original by S. Khrushchév and V. Peller. Mathematics and its Applications
(Soviet Series). D. Reidel Publishing Co., Dordrecht, 1987.

C. Cohen-Tannoudji, J. Dupont-Roc, G. Grynberg, Photons et atomes. Introduction a
Uélectrodynamique quantique, InterEditions, CNRS Editions (Savoirs actuels), 1987.

J. Dereziniski, C. Gérard: Rev. Math. Phys. 11, 383 (1999). (Asymptotic completeness in quantum
field theory. Massive Pauli-Fierz Hamiltonians.)

10



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

28]

W. De Roeck, M. Griesemer, A. Kupiainen: Adv. Math. 268, 62 (2015). (Asymptotic completeness
for the massless spin-boson model.)

J. Faupin, I. M. Sigal: Comm. Math. Phys. 328, 1199. (On Rayleigh scattering in non-relativistic
quantum electrodynamics.)

J. Frohlich: Ann. Inst. H. Poincaré Sect. A (N.S.) 19,1 (1973). (On the infrared problem in a model
of scalar electrons and massless, scalar bosons.)

C. Gérard: Ann. Henri Poincaré 1, 443 (2000). (On the Existence of Ground States for Massless
Pauli-Fierz Hamiltonians.)

J. Glimm, A. Jaffe: What is renormalization ?, Partial differential equations (Proc. Sympos. Pure
Math., Vol. XXIII, Univ. California, Berkeley, Calif., 1971), pp. 401-411. Amer. Math. Soc., Provi-
dence, R.I., 1973.

J. Glimm, A. Jaffe: Boson quantum field models. Mathematics of contemporary physics (Proc. In-
structional Conf. (NATO Advanced Study Inst.), Bedford Coll., London, 1971), pp. 77-143. Academic
Press, New York, 1972.

J. Glimm, A. Jaffe: in Statistical Mechanics and Quantum Field Theory, Les Houches 1970, edited
by C. DeWitt and R. Stora (Gordon and Breach, New York, 1971).

J. Glimm, A. Jaffe: Quantum field theory and statistical mechanics, Birkh&user Boston, Inc., Boston,
MA, 1985.

L. Gross: J. Funct. Anal. 10, 52 (1972). (Existence and uniqueness of physical ground states.)
L. Gross: Commun. Math. Phys. 31, 25 (1973). (The Relativistic Polaron without Cutoffs.)

M. Hirokawa, F. Hiroshima, J. Lorinczi: Math. Z. 277, 1165 (2014). (Spin-boson model through a
Poisson-driven stochastic process.)

F. Hiroshima: Rev. Math. Phys. 15, 271 (2003) (Localization of the number of photons of ground
states in nonrelativistic QED.)

F. Hiroshima: J. Funct. Anal 224, 431 (2005). (Multiplicity of ground states in quantum field models:
applications of asymptotic fields.)

M. Hiibner, H. Spohn: Annales de I'I. H. P., Section A 62, 289 (1995). (Spectral properties of the
spin-boson Hamiltonian.)

M. Hiibner, H. Spohn: Rev. Math. Phys. 7, 363 (1995). (Radiative decay: nonperturbative ap-
proaches.)

S. Janson Gaussian Hilbert spaces, Cambridge Tracts in Maths, 129, Cambridge Univ. Press 1997.
J. M. Jauch, C. Piron: Helvetica Physica Acta 40, 559 (1967). (Generalized localizability.)

J. Jeener, F. Henin: The J. of Chem. Physics 116, 8036 (2002). (A presentation of pulsed nuclear
magnetic resonance with full quantization of the radio frequency magnetic field.)

P. Lévy-Bruhl Introduction a la théorie spectrale, Dunod, Paris 2003.

11



[29] E. Lieb, M. Loss: Comm. Math. Phys. 252, 477 (2004). (A note on polarization vectors in quantum
electrodynamics.)

[30] R. H. Romero, G. A. Aucar: Physical Review A 65, 053411 (2002). (QED approach to the nuclear
spin-spin coupling tensor.)

[31] M. Reed, B. Simon: Methods of modern mathematical physics, Academic Press, New York, London,
1978.

[32] F. A. Reuse: Flectrodynamique et Optique Quantiques, Presses Polytechniques et Universitaires
Romandes, Lausanne, 2007.

[33] S. Schweber: An introduction to relativistic quantum field theory. Row, Peterson and Company,
Evanston, Ill.-Elmsford, N.Y. 1961.

[34] H. Spohn: Comm. Math. Phys 123, 277 (1989). (Ground state(s) of the spin-boson Hamiltonian.)

[35] H. Spohn: Dynamics of charged particles and their radiation field, Cambridge University Press,
Cambridge, 2004.

laurent.amour@univ-reims.fr
Laboratoire de Mathématiques de Reims UMR, CNRS 9008,
Université de Reims Champagne-Ardenne Moulin de la Housse, BP 1039, 51687 REIMS Cedex 2, France.

lisette.jager@Quniv-reims.fr
Laboratoire de Mathématiques de Reims UMR, CNRS 9008,
Université de Reims Champagne-Ardenne Moulin de la Housse, BP 1039, 51687 REIMS Cedex 2, France.

jean.nourrigat@univ-reims.fr

Laboratoire de Mathématiques de Reims UMR, CNRS 9008,
Université de Reims Champagne-Ardenne Moulin de la Housse, BP 1039, 51687 REIMS Cedex 2, France.

12



