00000000 Schrodinger 0 O OO O0OOOO

oooo.

1 O

OO0000000 Schradinger 0O OO0O0O0OO0ODOOOOOOODOOOOOODODOOO
OO00000ooobooobo0o.obbo0bob0o0ob0o0bOognDO regular perturbation
theory U0 DOODOOO0OOODOOOOODO,D0000D00DOO0O0ODOODOOOODODOO
gboobooooboobuoooobobod.

1.1 O0Ooooogd

Judoogoon
Hyg := —A + |z

0 R 0O000000000,0000000 o(He) OODODODOODOOOOOO.

U(Hosc) = {En(o)}zo:o’
Hochbn(O) = E”(0)¢n(0)7 n= 07 17 27 )

000. Hye 00000000000 Hioe 0000 Heye, O
Hosc,g ‘= Hoge + gHI,osca g €R,

000000 |9/ <1000 Heey D Dom(He) 0000000,n 000000 E,(g) O
0000000000. 000

Hosc,g¢n(g) = En(.g)(bn(g)

0000, Eg) 0 ¢.(9) 0 g000000ODODOO, E,(9) 00000 min-max priciple
gooooo.

1.2 O0O00O0O0OO0O0od

Oooooboobboobooobt /1y ODOODDO He DOODODOOODOOODO
ooo. /[, 00000bg A 000D0O00D0O0DO,00000000

o(Hi) =[0,00),  op(Hy) = {0}
000. ;0 H, 00000D000000000000000

H=IL*R)® F,
*O000 0D00 ODO0000000, e-mail: hiroshima@mpg.setsunan.ac.jp

1



ogooono
H0:H0s0®1+1®Hf

O00000,0000000 o(Hy) OD 1000000. 0100000000 HoODO

Eo(0)  Ei(0)  E3(0)  Ey0)  Es(0)---
01 HoOOODOOOo

O000 F,(0)00000D00OCOO00O00ODODOODOOO0. 00ODO0O HyOODOOOO H
000000000000 00000000000 E,(0)0000000C0OOoOooOoOoo
Oo0000o000. E,(0) 0000000000 0DoooDooooO?,000oooooon
00000 ¢g0O0000000000O000?00,00000000 E(0)0O0O0OooOO
0000 Eyg) DOODOOO0O0 H,O0O0OOD o, 00000

Hg@g = EO(Q)QOg

O00.000E,(0),n>1, 0000000000 H,OOOODOOOOOOO,000
gooboooobboboooob.bbuoooobobbuoooon.

googoobooood
/

Eo(g) * e y
..ADDD
02 H, 0000000000

00000000 Pauli-Fierz OO, Nelson O O, Dirac-Maxwel 0O O, spin-boson O O, 0
OO0 GSBOOOOOOOODO. OO Pauli-Fierz OO O O0OOOOOO0OOOODOOOODOO
O000000000D000.000,000000 NelsonOOOOOOOOooOOooOOooOAOd
0000000ooooooo0O. Dooo0o0 (1)oooooooooooooOooobooo
0,(2)000000000000000000OO, (30000000000, OO0OO
O000D00000D0DO,00000000000. Pauli-Fierz OOOOOOODOODOOO
O [34, 35,36,42]000000.

2 Nelson [

21 OO

000000000 A 0 F =@2,oM2R) 0000,000000 QeFH 0 Q=
{1,0,0,..} 0000. fe *®)0000000000,000000 ai(f),a(f)000.
0000000000

[a(f),a'(9)] = (f, D)z, [alf), alg9)] = [a'(f),a'(9)] = O
0000. ¢f(f)0 f000000000000000

@(f) = [ k) (k)R



D0000000. wk)=k00,w: L*R) - LR} 00000000000, dl'(w) :
.7:b—>,7:bD

@t (f) ()2 =3 (f) -l (wfy) - -al (£)2

J=1

U000 wdO2000000,
Hf::dF(w)

O000.00000000 1002000000000000,N:=dl(1)000. 000
00000 H=L*R)®FA 0 A-0 L20000000000000. Le,

@
H [ Fde (2.1)
R3
H,=(-1/2m)A+V 0000 HOOOOO Hy O

Hy:=H,®1+1® H;

D
0000.00000 ¢;0 (21)000000 ¢;:/3¢X(az)dazDDDDD.DDD
R

o5 (z) f(k)e ™ + a(k)e™ } dk.

_ b / A(k) o
V2 J(2r)3w(k)

(03¥)(7) = ¢5(2)¥(x), VeEH,
O0000000. Nelson OOOOOOOOO0O Hy O

gobooo

Hy :=Hy+g¢5, gER,

000000.0 HyO wk) =k 0 K2+ 000000000 massive J0000.

ADDDO0O0O0OOOD0O0O0O00000000,A0 A0D00O0000O000.00 Az) >0,
Az)=A(|z)) 0000000000,

~

(A) AE) =M—=k)=A(k) OO0 MNw, A\/\w e L2(R3).

0000000 ¢, 0 H,OOODODOODOD00000000000000 HyOOOO
geRDO Dom(H,®1)NnDom(l® H;) 0000000000000 0O00OOOOOOOO
O (Kato-Rellich 000). 0000000000000 Ma)=4/(2r)36(z)000,000

OA=1000. O000,00000 (A)ODO0DO0OO0 HNOOOOOoOOoOOooooooooo
O. E. Nelson [40] 0 1964 0,00 0000000000000 00O0OO.

0, |kl <k Ik
- ’ ’ A(E) [/ (27)3w(
00 21 A:={ 1, <|k|<A, 0O00.E, = 3‘ ()/+|k|/2 Vs oooo
m)
0, A<kl !

u— lim e—it(HN—EA) —itHoo

A—oo

=€

Ooob0o0b00o0 He,OOooDoo.



00 AMk) DO k=00000000000000.00 (1)0 (2)0000000.

(1)/RS iiggdk <00, (2) /R igggdk _

()0000000,(2)000000000000.A0)£000 Ak DO k=00000
00000 (2)000000.000000000000000000000000000
0Doo0o00000000o.

22 QOJUOO0OOO0OO
2.2.1 0000
H, 0000000
O(Hp):{Ej}ﬁOU[O7OO>7 EO(O)SEl(O) < ... <O

0000 Hyel+l1leH 0000000000000O000000000000000.

Eo(0)  E1(0) E2(0)---

D000000000- E(0)000000000000000 |g< 100, HyOOO
0000000 Eg) 00000000000 00000000000000. 0000
Eg)0 ¢00000000000000000D0000000D0000. 000000
00000000000000000000000000. Bx\00O00O0(@0000)0
0, 0000000000,

H, 000000 f 000 Hyf,=E,f, 0000 ¢o:=f,®00 H,OOODOOOO
0. 00 Hypo = Eypo 000. VOOOODDODOOOD,00 v>0,k>00000
fo €Dom(e" Yy DODODOD,00 NQ=000O0OO

gooeDom(eﬂx'k@eﬁN), 8 >0, (2.2)
O00. 0000000000000 (22)00000000000000000O00O0O. Le,,
gogeDom(eV‘ﬂk@eﬁN) g >0,

0000000000.000000000000000000000000000000
0000000000000000.000000000000000000000000
0 Enhanced binding 000. 0000 H, 0000000000000000. 00O
0¢g=00Hy0ODODODOOOOOOOOOOOOO. 0000 ¢g0000000000
HyODODODODODODODOOO Enhanced binding 00000000 0. Enhnaced binding 0 O
0000000000000000000.

000000000000000000.* ADOOO0O0O000000000000 ¢, 0
000,0000000000000000000000000000000000000
0*0000000000.0000000000000.000(1)0000000000
00000007 (2)0000000000 (g, Neg) <oo? (3) 0000000 (g, Nog)
0oo?



2.2.2 00
0000000,00 ()0 (2)000000oo.
(1) 00000000 PcHOOOO,000¥,&ePOOO,
f(z) = (¥, (Hx —2)7'®)
0 0000000000 ¢, 00000000 c_00000000.
(2) c. 00 fz)0000000.

0000000000000 0000 complex dilation D00, §>00000. L*(R?)
000000000000 uf(k)=e2ffk) 0000, 700000000000

Ug =1 X F(UQ>

googgg.
HN((Q) = UQHNUgl = Ho((g) + gHLN(H)

nDooo,
Ho(0) :== Hy® 1+ €1 ® H;

000.U, 000000000000

f(2) = (Up¥, (Hx(0) — 2) Uy ®). (2.3)
Ho(6) 0 § — —i0 00000000, Hy(—i¥) 0000000 H, 0000000000
—90000 H, 000000 [0,00) 000000000000 (3 3).

Eo(0)  Ei(0) E»(0)--- 0

\

0 3: Hy(—if) 000000

f(z)000000000000000 (23)00 Hix@0) O 0 — -6 00000000
Hy(—0) 0000000000000.0300 Hy(—if) 0000 E;(0),j=0,1,2,.., 0
000000000000000000000000. 0000,00 Hx(—i¥) 0000
0000000000000 00000000000000000000. 000000d
D0000000000000. 00000000000000000000000000
DOoO0Oo0oO0ooooood.

0D00000 HyDOODOOOOOOOOO0OO0D0DO000000. (1)00000o0oooon
00 (()H, 000000000000 HyOOODODODOOODOOO? (i) H, 000000
D000000000,00000 g0 HyODOOOOOODOOODOO? Enhanced binding
000,(2000000000000 HyOODODOOODOODO? (3) (pg, (1@ N)pg)n O
D000000000? (400000000, (5) (7" @ )|l < 0o ? (6) 00O
oo.



3 Ubgb

3.1 0000000000
000000000000 ker*000000000

T(k) == e ™ \k)/\/(2r)3w(k) : H — H
ogoooog.

0O 3.1 (Hiroshima [33], Arai-Hirokawa-Hiroshima [6]) ¢, 0 Hy OD0O00O00O0DO00O0O
g.oood

¢y € Dom(1 8 N'2) = [ |(Hy = E(Hy) + w (k) T(R)pglfdk < o
R3
obd,dbogobaobobobodbood
(L@ N2 = g [y = B(H) + (k) T () By (3.1)

00 3.2 0gap(Hy) = inf ous(H,) —info(H,) >000,00000000000. 0000
3¢, st|g|<g. 000 ¢g0000 Hy0OOOOOOOOO.

O0:Hxy O wk) =kl O /K242, v>0,000000000 Hy, 000. Hy, 00O
00 ¢, 000000000000, ¢, €Dom(1@NY2)OOO0. |lgg|lx=1000
00 {»} 0000 {V/} O w—lim, _gp,, =9, 00000000 (p,=0000000).
Kee 700000000 P,O0DO0O

(g, (Pr, ® Parw)) g, )1 = 1= 1(1© N2y 13 — |(Pa, © Par(w)) e, 13
O000.3.1)0000oooooo
(1@ NV, I3, < g°Ch

0000. (P4 ® Prw)eeld < ¢2C, 0000. 000, |yl <1000 v 0000
(Vg5 (Pr, @ Parw))@e,)n >0000. 000 Py, ® Pyrgy O finiterank 0000000
00— 00000 (0 (P, ® Par)@e)y >0 0000. 00 ¢, 20000, ¢, #0000
O e, O HyOOOOOOOOoono Arai-Hirokawa [4) 000000000 0ODOOOO. O

3.2 UU0oooooooon
t>00000

b= I (f O/ (f O], 20, 20, (3.2)

000. ¢y =w—limedy 20000 ¢, 0 Hy 000000000 0000000
0. R = Ey ([E(H,),S(H,) —0)) 000. 000 Ex(--)0 TOODOOOOOOOODO,
Y(Hp) :=infoes(Hp), 6 >00000000. ogp(Hy) >000

(66 (R® Pir))s) = iminf(r, (R® Paray)dy) = ¢ 720H=4(0) _ =7 C0)=0)  (3.3)

000D0. 000 r,4(r)00000. 00 %(H,) =co000,000¢90 40000
000000000,



00 3.3 (Spohn [41]) ©(H,) =co 000 HyO0OOOOOOOO ¢gO00000.

Gérard 20| 0 H,O0OOODOODOOOOOODOOODDOOOOOODOOOOO,00 3300
000000000000. Hiroshima [29, 32] O Pauli-Fierz 0000000000000
O000000000000000O0O0O, Griesemer-Lieb-Loss (23] 00000000 0O0OO
gbooboogobobooooon.

Enhanced binding 0 O O O Hiroshima-Spohn [37]0 000000000 Pauli-Fierz O
O000000. 000 Arai-Kawano [7], Catto-Hainzl [14], Chen-Vougalter-Vugalter [15],
Hainzl-Vougalter-Vugalter 24| 0000000000 0O0O.

3.3 Ubbooobboobuobuobbobobuoooua
HOODOOoOoooOOod

Ky — —Z;A ©1+1®dTWw) + g(Z5(0) + 65)

OD000. KyO20000 NelsonOODO 100000000000 O0O0DOOOODOO

) 0, [k <=,
O000000.000 Mk :=¢ 1, s<l|k|<A, ,Z>0000000.
0, |kl>A
AR

dk,

Ryi=g =3 2(27m)3w(k) {(|k| + |k|2/2)~1 + Z2/w(k)}

000000000000 Uy (Uh.0 x=00000000)000000000000
ooooon
lim lim Uy (Kx + Ra)Usw = "Hoop

k—0 A—oo

000000 Nelson [40] 0000000,
00 3.4 (Hirokawa-Hiroshima-Spohn [26]) 0 < |g| < 1000 Hao 0O DOOOO0OODO.

Oo000o0ooooooobooobobo. 00 g=00 HeoyOOOOOOOOOOODOOO
0 Enhnaced binding OO0 0O0O0OO. OO Nelson OOO vr=0000000000000
0000000000, He.yOOOOOD0OO0OO0OO0O0O00O00 (00000 0)00000
ooogo.

34 0O0OOOOOO

(U, e tNg),, 00000000000, 00 #=3,4000. (Qudvy) 00000,
(bs(f), f e L2, (R*) O fe L2, (R*) 000000000 0,0000

real real

(f, ) r2#)

N |

| 06(9)6(9)dv(04) =
Q%
0 Gauss 00000000.00000000U:F — L*(Qs) 0

d3(No(- — ) = Uy ()"



D000000000. 000 A, =(\/ywo) 0OO. 00000 j, : L*(R?) — LARY) O
Jijs =€t 000000000000, J,: L3(Qs) — L*(Q,) O L*(Qs) 2 A/ 0000
00

J*thef\sfﬂdf(w)

0000. dP O C([0,00);R3) OO0 Wiener 00, (B(s))s>o O 300 Brown 00, X, :=
z+ B(s), W :=C(]0,00); R?) x R?, dX := dP®dac,

t .
:/ js)\w(' - Xs)ds
0

O L*RYH-000000.0000000 [27].

—tH _ (Xs)ds s« —gou(
(W, e N ), — /We Joveeas (g(xqg), Jemo% KO RD(X) o, X (3.4)

Carmona 000 [13]0 (34)000000000000000000.

O 3.5 (Hiroshima[Bl])V Z+WOoOOOO0OoOooooo. (i)infZ > —o0, (19)W <0,
(ii)Z € LL_(R3), (iv)V € L’(®%), p>3/2. 0000 Hy0OOODO ¢, 000000, (1)
Z(x) > cx)? (|z] > 1) 000 [Jg(@)||m < cre=2# " (2) liminfly oo Z(2) > inf o(Hy)
000 Jeg(@)]l7 < cre™=ll. 000 ¢,¢1,c,000000.

3.5 UOO0booooooooon

O00000000000. ¢, 0(32) 000000 (pg, e PNpy) = limy oo (dr, e PN epy)
0000. (¢,eNg,) 0000000000 t—occ00000000000, CR,R?) O
O000000 papy, 00000

_ g2 e B) Foo(
(v MNpehe= [ e OO g (35)

0000000 Betz-Hiroshima-Lérinczi-Minlos-Spohn [12] DO0OOO. OO0

/ ds/ di [ eIl =) S (k) 2 o ()
R

020000000 DDDD\F (q)\§||/3/2||2<ooDDDD s 0 0000
Gibbs 00 00D000. (g, e Np,), 040 (35)00000000000000000
0o.

00 3.6 (Betz-Hiroshima-Lérinczi-Minlos-Spohn [12])) D000 O0O00000O0O. OOOO
000 B>00 (g, 1@eM)pg)y <o ODODODODO.

00 360 An0OOOO0DOODOOODODOODODOOODO gOO0OO0bOO0ObLOODDO
O0000000. 00 (3.5) 00

—a+ 0|3 w* 3, < (g, Nog)n < (6 /2) 1M1,

OO00oOoboOoD e, 000000000ODO0ODO.



00 3.7 (Betz-Hiroshima-Lérinczi-Minlos-Spohn [12])

lim (Spga (1® N)SOg) =

1M /w?/2]| o0

OO0 360 00 3700 Neson DO OOOODOOOOODOOOOOOODOOOOOODO
gboboboooobbbooooboboooobobuaoonon.
HyOOOOOOOOOOOOOOOOOOO0O0, Lérinezi-Minlos-Spohn [39] OO O

00 3.8 (Lérinczi-Minlos-Spohn [39]) 00000 DO00O00D. VOOO (1),(2) D000
ooooO0. (WV(z)=Clzl*+o(|z|*),s > 1. (2) VO Kato OO OO V(x) > Clz|*,s > 0.
0000 ANO0ODOo0ooooob goooboobg.

Arai [3) 0000000000000 Non-Fock 000 Nelson 000000000000
00000000000000000000. 000000000 [5,6,17,25/00000
0000. 00 Pauli-Fiez 0000000000000000000000000000
(10,23 0000000.

3.6 UJUooooon

00 3.9 (M,dm)0 ¢ 0000000000. LAM)0000000 70,000000
00000000000 f,¢>00000 (f,T9)2an >000000, 70 00000
0000000.00 (f,Tg)ran>000000000000000000

00 3.10 (Glimm-Jaffe [22]) L3(M) 000000000 KOOOOQ 000000
0D00000000.0000 KOOOOOOOO0O0O0Oo0oo0o0o0o0oo.

00 3.11 (Bach-Frohlich-Sigal [9]) ¢ > 0000000000000, HyOOOOOO
0Doooooooooo.

O0:(V,e @), 0000000000000 e ¥xOOOOOOOODOOODOOOOO
goo. O

Pauli-Fierz 000000000000 Hireshima 28)0000. 000000 O0OO0OO
00000000 Hireshima [33) 00O000O00. 00 Hiroshima-Spohn [38) 000000
0000 Pauli-Fierz OO ODODOOOO20000000000000O00O.

4 O0O0O0O0O0OOO

4.1 OO
Bach-Frohlich-Sigal [8, 9] O, Feshbach 00000000000 O0OOOO.

00 4.1 (Bach-Frohlich-Sigal [8, 9]) [¢g| < 1 DO00D00. (1) (¥, (Hy —2)7'®) O E;(0),
j>1,000000000000000 ¢, 00c. 0000000000, (2) E(0)

c.00000 Hy()DDODO EN(g), ... E™(g) 00000 (3) EM(g),... EI™(9) O
00000, (4)limgoEM(9)=Ej, k=1,...,m

H
g



00 41(2)0 EP(g) 00000 c—-cO00000000000 [8,9]. Hiroshima [31]
0 000000000 VOOOOOOOOO0O000000000000,0000000
00000000000000. E(0)00000 mO00,0000000 E;0)000
OmO,E¥(g), k=1,..,m, 00000. |Re(E{’(9) — E(¢))) DODODOOOODODO
00 Lamb 000 000,

00 4.2 (Bach-Fréhlich-Sigal-Soffer [11])) A O E;(0) 0000000000, 00 A C
[E;(0), E;1(0)] O E;0), E;,(0) 000000000000, [¢f<1000.0000 A
00000 HyOOOOOOOOOOO0O0O000000000.

00 420 Pauli-Fierz U0 OO0 O0O0OD0OO0O0O O0OO0OOOODOOO. OO Bach-Frohlich-
Sigal [10] O Feshbach 000000 OO0O0OOOOOOOO.

4.2 000000

00000000 CookOOODO HNDDDDDD.DDDDDD,S\ECm(Rg)DDDD
0. aI(f):eitHNe_itHoaT(f)e“HOe_“HN 0000 ¢t000000Ooooo

al () = af (f)T — i/ot eSINK (5,2, fe N Uds. (4.1)

~

000 K(s,z, f) ::/ Ak)e— e e=is®) £(1) /1 [2(2m)Pw(k)dk 00 O .

R3

00 4.3 (Hiroshima [30]) V(z) = [z, |¢| < 1, f e CP@®R*\P)D0O0O. 000 POO
0000000 00000.0000 ¥€Dom(Hy) ODOOO

ooooo.

d.(f) 0000000 f,f/Joel?®) 000 fO0000000. di(f) 0000000
0000000. ¢i(f) 00000000000, 000000000000000000
Ogp(Hy) =0 0000
{ah(f1) - ak(f)gg el f; €neNYODODO00000000 Faye 000, Wy : Fagyr —
F O
Weal(f1) - al(fa)pe = al(f1) - al(f)Q

Ooooo.0o00ooooow,iobodoooooooon. Feypse O HyOOO,

Wieit(HN l—]:asyj:) _ e’it(dF(w)-i—E(HN))Wi

D0000,00 HE Fays ® Fasyy, Hy = (dl(w) + E(Hx)) @ (Hx[£.,.) 000

syt

00 4.4 (Hiroshima [30]) Hy 000000000 V=[22000. |g/<1000 Hy O
0000000000 [E(Hy),00). 00 0gp(Hy) = 0.

Ammari [1] O massive Nelson 00 0 oes(Hn) = [E(Hx) +v,00) DODOO0D0. Arai 2] OO
O00000000000000440000000000000. Derezinski-Gérard [17] O
ODO00000D000 massless Nelson OO0 0O00000O00O00O0OO0O00O0. Pauli-Fierz
0000000000 Frohlich-Griesemer-Schlein [18], Hiroshima [30] OO O .



4.3 0UO0OO0OOO

TNy 000000000 000000000000O0O00O0O0O0000000000.
IH@fb—)HD

Z(¢p @ (al(f1) - - al (£)9Q) = al(f1) - al (f)o
oooo0. Q -H®F —HO

Q) =s— lim "N "N (P, (Hy) ® 1)

t—o00

00000.000,Hy=Hy®1+10dl(w), Pyp(Hy) O HyOOODODDODODOOOO
0oooooo.

00 4.5 RanQ, D Ey ((—o0,%))H 000 Rayleigh 10000000000 000,

Rayleigh 000 0000000000000 Ve Ey((—oo,X))HODO0O00D0O0 &, €
H, Hy®, = E®,, 00000000 ¢ F 00000

€_ZtHN\I/ ~ e—ztE(I)b R4 e—ztdF(w)¢7 t — oo,

O00000000. Frohlich-Griesemer-Schlein [19] O massive Nelson 0 O O Rayleigh O O
00000000000.00 AnO0O0O0O0O000 00000000000 D C L3(R3)
00000 ar(f)®=0, feD, 000000000 0OO0O0OO. OO0

Ky = {\I/ S H|ai(f)\lf =0,f¢€ D}
0000 Py(Hy)HC K. ODOD.

00 4.6 P, (HnH=K, O0OOOODODOOO OO0,

Derezinski-Gérard [16] O massive Nelson 0000000000000 . massles Nelson O
000000000000, Gérard 21]00000000O0O0O.

Ooon

[1] Z. Ammari, Asymptotic completeness for a renormalized non-relativistic hamiltonian in quantum field
theory: the Nelson model, Math. Phys., Anal. Geom. 3 (2000), 217-285.

[2] A. Arai, Essential spectrum of a self-adjoint operator on an abstract Hilbert space of Fock type and
applications to quantum field Hamiltonians, J. Math. Anal. Appl. 246 (2000), 189-216.

[3] A. Arai, Ground state of the massless Nelson model without infrared cutoff in a non-Fock representation,
Rev. Math. Phys. 13 (2001), 1075-1094.

[4] A. Arai and M. Hirokawa, On the existence and uniqueness of ground states of a generalized spin-boson
model, J. Funct. Anal. 151 (1997), 455-503.

[5] A. Arai, M. Hirokawa, and F. Hiroshima, On the absence of eigenvectors of Hamiltonians in a class of
massless quantum field models without infrared cutoff, J. Funct. Anal. 168 (1999), 470-497.

[6] A. Arai, M. Hirokawa, and F. Hiroshima, Regularities of ground states in quantum field models, preprint,
2004.



[7]

A. Arai and H. Kawano, Enhanced binding in a general class of quantum field models, Rev. Math.
Phys.15 (2003), 387-423.

V. Bach, J. Frohlich, I. M. Sigal, Renormalization group analysis of spectral problems in quantum field
theory, Adv. Math. 137 (1998), 205-298.

V. Bach, J. Frohlich, I. M. Sigal, Quantum electrodynamics of confined nonrelativistic particles, Adwv.
Math. 137 (1998), 299-395.

V. Bach, J. Frohlich, I. M. Sigal, Spectral analysis for systems of atoms and molecules coupled to the
quantized radiation field, Commun. Math. Phys. 207 (1999), 249-290.

V. Bach, J. Frohlich, I. M. Sigal, and A. Soffer, Positive commutators and the spectrum of Pauli-Fierz
Hamiltonian of atoms and molecules, Commun. Math. Phys. 207 (1999), 557—587.

V. Betz, F. Hiroshima, J. Lérinczi, R. A. Minlos and H. Spohn, Gibbs measure associated with particle-
field system, Rev. Math. Phys., 14 (2002), 173-198.

R. Carmona, Pointwise bounds for Schrodinger operators, Commun. Math. Phys. 62 (1978), 97-106.

I. Catto and C. Hainzl, Self-energy of one electron in non-relativistic QED, arXiv:math-ph/0207036,
preprint, 2002.

T. Chen, V. Vougalter and S. A. Vugalter, The increase of binding energy and enhanced binding in
nonrelativistic QED, J. Math. Phys. 44 (2003), 1961-1970.

J. Derezinski and C. Gérard, Asymptotic completeness in quantum field theory. Massive Pauli-Fierz
Hamiltonian, Rev. Math. Phys. 11 (1999), 383-450.

J. Dereziriski and C. Gérard, Scattering theory of infrared divergent Pauli-Fierz Hamiltonians, preprint,
2003.

J. Frohlich, M. Griesemer and B. Schlein, Asymptotic electromagnetic fields in a mode of quantum-
mechanical matter interacting with the quantum radiation field, mp-arc 00-374, preprint, 2000.

J. Frohlich, M. Griesemer and B. Schlein, Asymptotic completeness for Reyleigh scattering, preprint,
2001.

C. Gérard, On the existence of ground states for massless Pauli-Fierz Hamiltonians, Ann. Henri
Poincaré 1 (2000), 443-459.

C. Gérard, On the scattering theory of massless Nelson models, Rev. Math. Phys. 14 (2002), 1165-1280.
2001.

J. Glimm and A. Jaffe, The A\(¢*)2 quantum field theory without cutoffs:II. The field operators and
approximate vacuum, Ann. Math. 91 (1970), 362-401.

M. Griesemer, E. Lieb and M. Loss, Ground states in non-relativistic quantum electrodynamics, Invent.
math. 145 (2001), 557-595.

C. Hainzl, V. Vougalter and S. A. Vugalter, Enhanced binding in non-relativistic QED, Commun. Math.
Phys. 233 (2003), 13-26.

M. Hirokawa, Infrared catastrophe for Nelson’s model, mp-arc 03-512, preprint, 2003.

M. Hirokawa, F. Hiroshima, and H. Spohn, Ground state for point particles interacting through a
massless scalr field, arXiv:math-ph/0211050, preprint, 2003, to be published in Adv. in Math.

F. Hiroshima, Functional integral representation of a model in quantum electrodynamics, Rev. Math.
Phys. 9 (1997), 489-530.

F. Hiroshima, Ground states of a model in nonrelativistic quantum electrodynamics I, J. Math. Phys.
40 (1999), 6209-6222, 11 J. Math. Phys. 41 (2000), 661-674.

F. Hiroshima, Essential self-adjointness of translation-invariant quantum field models for arbitrary
coupling constants, Commun. Math. Phys. 211 (2000), 585-613.



[30]
[31]
[32]
[33]

[34]

W W
i=z)

w

[39]
[40]
[41]

[42]

F. Hiroshima, Ground states and spectrum of quantum electrodynamics of non-relativistic particles,
Trans. Amer. Math. Soc. 353 (2001), 4497-4528.

F. Hiroshima, Embedded eigenvalues, localization and asymptotics of quantum field models: a functional
integral approach, J. Phys. A: Math. Gen. 35 (2002), 351-375.

F. Hiroshima, Self-adjointness of the Pauli-Fierz Hamiltonian for arbitrary values of coupling constants,
Ann. Henri Poincaré, 3 (2002), 171-201.

F. Hiroshima Multiplicity of ground states in quantum field models: applications of asymptotic fields,
mp-arc 04-049, preprint, 2004.

F. Hiroshima, Analysis of ground states of atoms interacting with a quantized radiation field, Topics in
the Schraodinger operator, World Scientific, 145-272, 2004.

ooogo,00000000000,00000000 O0440,570-590, 0000, 2004.
oooo,000000000000D00O00000,00,00000,2004,0000.

F. Hiroshima and H. Spohn, Enhanced binding through coupling to a quantum field, Ann. Henri
Poincaré 2 (2001), 1159-1187.

F. Hiroshima and H. Spohn, Ground state degeneracy of the Pauli-Fierz model with spin, Adv. Theor.
Math. Phys. 5 (2001), 1091-1104.

J. Lorinczi, R. A. Minlos and H. Spohn, The infrared behaviour in Nelson’s model of a quantum particle
coupled to a massless scalar field, Ann. Henri Poincaré 3 (2001), 1-28.

E. Nelson, Interaction of nonrelativistic particles with a quantized scalar field, J. Math. Phys. 5 (1964),
1190-1197.

H. Spohn, Ground state of quantum particle coupled to a scalar boson field, Lett. Math. Phys. 44
(1998), 9-16.

H. Spohn, The Dynamics of Charged Particles and Radiation, preprint, 2003.



