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HAUG6E, EOUBOMREZATEHAWVIRIZHIGT S L2015, 1IROEIFE—L ¥
VAREWDOB AR S22, 2IRIIANEGIC L 2 EZEDEFTRELF 2 KT, 3R 3 DD
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—WEEEDFE 5 [ VR Y L TIIEHERER (SM) Ok v AR 7% ete™ ¥ ey HEEBRTHRK
TEHBBIZERL, ZOBEOELIREZ iR 5 “transition form factor” GEMLRKT) &
BCELWr AL D Q? MAFMEIZ DWW TR U7z, FFIZ, ey — eH @ 1-loop L XL DEFH H-1X W-loop 7*
top-quark loop (ZHLARTEFINIZKE W &30 roTz, —H, BEFEDHE 6RO Y VRI T ATIE
Higgs sector & minimal (ZHE5R U 7z 2 Higgs Doublet Model (2HDM) T%359 % CP-odd Higgs A°
DAERIZ DWW T preliminary A5 HR 2B X7z, 4 EIE SM Higgs D56 % f{HICEE LT, CP-odd
Higgs D& Z25E L < L %,

o)

tagging

Figure 1: %1 - Y6 FE 2282 TOD Higgs K1 H, A DA

2 BF - HFEERTOSMEY T RERK
Fig. 1 1.2 U7z e(l) +v(p) — €' (I') + H(q + p) DHGELIRIEIFIRANTEZ 5015,

—1

(e'H|T|ey) = ﬂ(l')(—iev”)U(l)m

Auueu (p) (1)

ERT, u(l) @l) BAHET RELET) OAY L, &(p) BAMETFOREAZ bL, %
o, EITRENBTF UYL Ay BT —VFREMED, UFD LS 2 D0EHILARE NS,

2
Auu(Qap) = (guu(q : p) - quu) S1 (m2a QQa m%{) + ((Jupu - qq'ppupu> 52(m2a QQa m%{) (2)
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ZIZT@F=-0Q°<0,p*=0and (¢+p)?> =p% =m%. FlzV—T%2EZHTOEEE m TK
U7ze 4, pYe(p) = 078DT, S; 72 BELIRIEIZF S5 9 5, £ Z T “transition form factor”,
Fi(m?,Q% m%) A FORTEHT 5.

Fi(m?, Q% i) = i, @i/ (L5, - )

AL yMp ) = o1(m-, y Mg (47T)2mW

HIAE V2R, 7V IFY V=TI UTIE, Fip FLWERY Y V=T IZHLUTF T
%, e & glFENTNERY - BEBWMHEFHOREEEET, my 1&, W OEE, Total D transition
form factor (ILA N TH A 6N 5,

Ftotal(Qzam%—I) = ZNCe?Fl/Z(mfﬁ Q27 m%—[) + Fl(m%/[/v Q27m%{) (4)
f

ZZT NeiZcolor DE (LT M UIZHU L, 274 =212/ U3, ef 37 x)VIF Y fOEMER
T,) b AR OEKKIERIE Eq.(4) TH X 555 transition form factor DX ED 2 FeTHK
I N3, one-loop D level Tlk W-loop D57 top-quark Vv — 7 DF G2 EMNTEET S [1, 2],

3 2HDM/MSSMIC$H135 CP-odd by 7R A° &R

FEHERHI T O Higgs Sector @ minimal Z8#L5k %% A 5, Z Z Tld MSSM % & & Two-Higgs Doublet
Model (2HDM) O type Il D&% 55T 5, BB TENEZN, YV =-1, Y =1DSU((2),
doublet, Hy, Hy & Z %, ZIZTHET 5 type ll OGH, Hy (Hy) & down-type (up-type)
DY A =2, LT MUIZDHAcouple T5, ZNoD, HFEERFMEDHNDIER, DUIFDEZER
iz 50D LT 5,

iy = () = () ). ams=w/ )

ATEMHOBEHR AN 7 -G CHHENRN S O2H D55, 32 W™, Z DM IZkbnTERY D 5D
DY E B LA O 2 FEEH D M E Higgs R+ & 3 MO FE Higgs K+ & 725,

Charged HT, H™; CP-even h°, H’; CP-odd A° (6)
Z D type II TD A @ coupling DFFEIZ

o A% X CP-even ® K0 % HO L #7321, treelevel TWTW ™, ZZ O/ — YR V5T couple
LW, LA T, WRY VYR ZARY VO 1b—7 A I8 720,

o F7- A% X cubic #HEAEMH T 2 ff D physical Higgs boson & couple U 72\,
o A% @ fermion ~® coupling 17 =)V I F >V ODBERIZHAHIT S, & - T fermion & U TIFE
&= my D top quark DA%EZZNIX XK, A% & D coupling Avys 1& A = —gmy cot B/2mpy.
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e MSSM 054, A OB EFEAIRED squark X, g (i = 1,2) ~O trilinear 7 coupling
FHAD 4, £oT, AATF—Dr v T - 7 4—2 (stop) & eyHEHZETD 1-loop L )LD
AV BRI D R,

L EDHEMNS, 10— T7Tldtop-quark DIV —T DA EZEZNIX LN B350 5,
e’(I’) e’(l")

+ crossed diagram

(@)

p’=0

Figure 2: (a) *y fusion diagram for ey — €’A° (b) Z*v fusion diagram for ey — ¢’ A°

Figure 2 1Z/R T &S e+ — € + AP 1T T v 2T 20777 ZRY v 7% %
KT 535277 708<H, GHEDR, BT#E» %S IR TERRIZ LR Z E2RE 2,
Fig.2(a) (209" % B RIEIX

—ige’ cotf T
(4m)? 2my 14 p1

LRIND, ZIT, pP=-Q*<0, p5=0, £72 (p1 +p2)? =m? (my : A" DEE) TH5,
T =4m?/m%, p=Q?/4m? & LT A® ® Transition Form Factor l3 A FORXTEZRI N5,

Ayu = [g(p) + 4f(7—)]5uuaﬁp(1lpg = S(mf, QZ’ mQA)Euuaﬁp(lxpg (7)

~ - 62 T
Fond, Q) = S, Qo)) (S ) = = jeotby—lap) + 450 (8)
7272U, f(r)=[sin7! W]Q (r>1), —(1/Dlog[(1+vV1-7)/1—-V1-7)]—in]* (r<1)
THY, glp) =og[(vVp+1+/p)/(Vp+1—/p)> TEESINLHEKTH 5,
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Abstract

In this talk, an intriguing possibility to dynamically account for all existing particle masses
as well as masses for expected dark matter candidate and active neutrinos is introduced. The
proposed scenario is based on the so-called classical scale invariance which can be achieved
at the Planck scale in terms of a nontrivial renormalization group flow in an over-Planckian
quantum gravity theory, called asymptotic safety gravity, hence can be an actual realization
of the scale generation (what is called “scalegenesis”). The scalegenesis is triggered by a
sequence of seesaw mechanisms (bosonic seesaws) induced from a newly introduced vectorlike
confinement sector.

1 Introduction

The standard model (SM) in the field of particle physics has been excellently consistent
with experiments so far. In the SM, an elementary scalar field, a Higgs field, plays a role
in the spontaneous breaking of the electroweak symmetry to generate masses, and the SM
Higgs boson indeed looks much like a scalar boson discovered at the LHC [1, 2]. Thus one
might think that it is truly the last piece of the SM, so its discovery would imply the end
of the stroy. However, one has to be aware of lots of observational evidences necessary to
account for, which cannot be addressed by the SM alone: for instance, baryon asymmetry
of Universe, neutrino masses and mixing structure, and dark matter, and so forth. Even
from the theoretical point of view, the SM possesses unsatisfactory ingredient: the source
to trigger the electroweak symmetry breaking (EWSB) seems quite ad hoc and involves
mysterious stuff: square of the Higgs mass parameter to be negative without any dynamical
reason. In that sense, one may thus be urged to go beyond the SM, taking into account the
evidences of new physics as above, where the low-energy physics looks much like that of the
SM to be consistent with experiments so far.

Once trying to reveal the origin of the EWSB, triggered by the negative mass squared for
the Higgs, one necessarily encounters a problem: cancellation of quantum corrections to the
Higgs mass which is proportional to the new physics scale. One way to avoid this problem
is to invoke the classical scale invariance (CSI), which can forbid all dimensional parameters
including the Higgs mass in the theory, hence one is to be free from quantum corrections to
the Higgs mass.

Note that the scale symmetry is anomalous to be explicitly broken by quantum correc-
tions, yielding the trace anomaly. The gravitational effects may, however, cancel the trace
anomaly and make the theory asymptotically safety [3, 4]. Therefore, one may assume that
the CSI is held below the Planck scale, as long as all the couplings in the theory do not reach
the Landau pole up to the Planck scale, as argued in [4]. It has recently been argued [5]
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that the CSI can naturally be realized at the Planck scale in a sense of the (nonperturba-
tive) renormalization group equation derived from a quantum gravity candidate having a
nontrivial ultraviolet fixed point — what is called “resurgence” mechanism by asymptotic
safety for quantum gravity). The (running) Higgs mass parameter can naturally be tuned
by the nontrivial scaling with the negatively large anomalous dimension, which makes the
mass parameter power-damped from the over-Planckian scale down to the Planck scale, to
be vanishing, so that the CSI can solve the gauge-hierarchy problem by “the self-tuning
mechanism” [5]. Given the CSI successfully at the Planck scale by the above “resurgence”
mechanism, the next issue one encounters is to generate mass scales and the non-vanishing
and negative squared Higgs mass term to retrieve the EWSB: one calls for the scalegenesis.

One proposal built on the CSI has been published in the framework of namely the bosonic
seesaw mechanism [6, 7], which is triggered by a new strong dynamics [8, 9, 10], what we call
the hypercolor (HC). In models of this class, the scale-invariance is dynamically broken by
the strong scale intrinsic to the HC dynamics, and the negative-mass squared of the Higgs
is then dynamically generated by the seesaw mechanism operative between the elementary
Higgs field and a composite Higgs field generated from the HC dynamics, which originates
from a Yukawa interaction between the elementary Higgs doublet and HC fermions. (Since
the sign is never absorbed by phase rotations in the case of boson fields, the negative sign
induced by the seesaw mechanism is manifestly physical to be a trigger of the EWSB.)

In this talk, I introduce the development on the bosonic seesaw model including the
U(1)p—1, gauge symmetry: all the masses, for the SM particles and U(1)p_; Higgs, gauge
boson, and right-handed Majorana neutrinos (RHMuws), are generated singly by the new
strong dynamics, the HC, via a sequence of bosonic seesaws (multiple seesaws) involving the
HC composite Higgs bosons: that is the dynamical scalegenesis. The scale of active neutrino
masses is generated via the neutrino seesaw induced from the bosonic seesaw term of the
elementary and composite U(1)p_;, Higgs bosons. The dark matter candidate also arises as
the lightest HC baryon.

2 The dynamical scalegenesis: multiple seesaws

The proposed model for the dynamical scalegenesis consists of the HC sector having the
SU(3)uc gauge symmetry, the SM sector, all having the CSI, so that the Higgs field (H)
in the SM sector does not have the mass term. The HC sector includes eight HC glu-
ons of the SU(3)uc as well as four HC fermions (Fj=1234) forming the the fundamen-
tal representation of SU(4), Fr/r = (X,?/)h?/)Q)E/R. The HC dynamical feature is as-
sumed to be a complete analogue of QCD. In addition to the SM gauge symmetry, the
U(1)p—1 gauge symmetry is introduced by gauging the global baryon and lepton number
symmetries, where the U(1)g_1 gauge boson and a new complex scalar (¢ with U(1)p_p,
charge +2) weakly couple involving the HC sector and the SM particles. The L/R-HC
fermions are vector-likely charged under the SM and U(1)s_1 gauges. Their charge assign-
ment is chosen as x = (x1,x2)7 ~ (1,2,1/2,—1),9; ~ (1,1,0,—=1)T ¢ ~ (1,1,0,1)T for
SU3)e x SU2)w x U(1)y x U(1)p_r. To make the U(1)p_1-gauge anomaly-free, three
right-handed Majorana neutrinos (RHMws) Na="*? (with no SM charges and U(1)p_1,
charge —1) are also introduced. The point here is that the gauge-invariance allows the HC

10
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fermions to couple to Higgses H and ¢ and the RHMwvs to do with the ¢:

—ya XHY1 — yothadhs — Y3 ONE* N + hee.. (1)

At the confinement/strong scale Apc, the HC sector dynamics can be described as the
“hadron” physics (HC hadron). As in the case of QCD, the lightest HC hadron spectra
are then expected to be constructed from the composite scalars and pseudoscalars, pseudo
Nambu-Goldsone bosons (pNGBs) associated with the spontaneous“chiral” SU(4) g, xSU (4) g,
symmetry breaking. Among those HC hadrons, one finds composite scalars, ©; ~ 1y, ® ~
1115 in which the ©; has the same quantum numbers as those of the elementary Higgs dou-
blet H, and the ® carries the same charges as those the elementary U(1)p_y, scalar ¢ does.
Of interest is to note that at the Agc scale, the yg- and y4-Yukawa interactions in Eq.(1) in-
duce the mixing between ©1-H and ®-¢, such as yHA%{C(@]iH—i—h.c.) and ys A% (P*p+h.c).
Thus, the mass matrices of the seesaw form are generated:

( 0 yH/¢A%IC ) (2)
v/ Afic '

These matrices yield the negative mass-squared for H and ¢, m3; ~ —y7 Ao and m? ~
—y3Afio for small Yukawa couplings. Combined with the present quartic potential (with
the couplings Ay and Ay) terms for H and ¢, the EWSB and U(1)p_, breaking are thus
triggered to develop the vacuum expectation values vgw =~ 246 GeV and vg, = O(Anuc) =
O(5 — 10TeV). Then, the physical Higgs boson (h1) and the U(1)p_r Higgs boson (¢1)
respectively arise around the VEVs vgw and vy, , obtaining the masses my, ~ 2 Agvpw >~
125 GeV and my, =~ 21/2A4v, ~ O(10 — 30) TeV for A, = O(1).

The U(1) p—-gauge breaking VEV, vy, , makes the U(1) g_ 1, gauge boson (X) and RHMv
N§ massive as well: by the ¢-Higgs mechanism through the covariantized kinetic term |D#¢|2
the U(1)p_r gauge boson gets the mass of order O(gxAnc) = O(5 — 10TeV) with the
U(1)p_r1 gauge coupling of O(1); the N% become massive via the Yukawa coupling y3~
in Eq.(1), to get the masses m{7 = O(yy*Anc) = O(5 — 10TeV) with y3* = O(1). We
then note that the Nz-mass generation combined with the y;y-Dirac Yukawa term in Eq.(1)

induces the neutrino seesaw:
( 0 YINVEW ) 3)

T
Y NVEW MNg

One can realize the neutrino mass scale m, ~ yAvayw/my, = O(0.1eV) for y;ny = O(1075).

In addition, the present scenario provides HC baryons with the mass of O(Apc) = O(5—
10) TeV possessing the HC baryon number associated with the global U(1) g, symmetry, so
can be stabilized to be DM candidates. In the present setup for the charge assignment given
in the above, the lightest HC baryon turn out to be Q(12) ~ ¥1912 or Q(a2) ~ P1921)a.

3 Summary
The proposed dynamical scalegenesis has successfully generated masses of the SM particle

and active neutrino as well as explained the dark matter, by the multiple seesaw mechanisms
induced from the new strong dynamics of the hypercolor. As an evident new physics to

11
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be probed in the future experiments, a number of HC hadrons including the dark matter
candidate as the lightest HC baryon, the B— L Higgs, gauge bosons and three heavy RHMuvs,
are predicted at around the order of a few or tens of TeV scale.

More details on the phenomenological consequences derived from the preset dynamical

scalegenesis are discussed in the published paper [11].
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Abstract

The field equations of elementary domains proposed by Yukawa in 1968 are studied from the
viewpoint of a particle embedded AdSs spacetime with warp factor, which is known to produce
an energy hierarchy along the direction of the fifth dimension. The boundary conditions in
the fifth dimension can also add another insight to the field equations in the IR brane, the
low energy end of the fifth dimension, due to a periodic structure of the Green function in the
bulk; under suitable initial conditions, those field equations are reduced to Yukawa’s elementary
domain type of equations.

1 Introduction

The extra dimension in AdSs spacetime is known to yield several aspects in particle physics.
In the Randall-Sundrum model, it plays a role to generate a energy hierarchy between the both
ends, the UV brane and the IR brane, of the fifth dimension through the warp factor [1, 2]
ek (k ~ l;l). From a quantum mechanical point of view, it gives rise to an another interesting
aspect. The fifth coordinate 0 < y < L of a particle embedded in AdSs spacetime can not
run off the both ends because of the boundary conditions like the infinite square well potential
problem. As a result, the Green function in the bulk of AdSs5 spacetime shows a periodic
structure with respect to the fifth coordinate [3, 4]. Then, if the fifth dimension becomes time
dependent in some way, the y periodicity of the Green function will be transcribed on a time
variable. In previous papers [7, 8], we had discussed a possibility that this timelike periodicity
causes a difference type of field equation on IR brane, which has a similar structure as Yukawa’s
elementary domain[5, 6] equation represented by

MY = iy (1)

under suitable choice of initial state on that brane[8]. Yukawa considered this type of equation
as the natural landing form of non-local field theories, though there is no guiding principle
to derive it. In spite of Yukawa’s expectation, the eq.(1) was not suitable as an elementary
field equation, since it allows several types of ghost solutions. However, as an effective field
equation derived out of some elementary fields theories, it add an interesting viewpoint to the
particle physics.

In this article, we summarize the essential points in [8] shortly; and, the discussion is made
on the future constructive analysis.
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2 Green function in My ® S'/Z, spacetime

Though the aim of this work is to study the field equations in the IR brane through the Green
function in AdSs spacetime, we first consider the case of vanishing warp factor (k = 0); that
is, we start from the analysis of the Green function in M, ® S'/Z, spacetime. The free field
of mass mg particle in this spacetime is characterized by the following field equation and the
boundary conditions:

(9D + Py + (moc)?) ¥ =0, (2)
qj’y:O = \P|y:L =0 (3)

; and so, the complete basis in y space become ¢, (y) = \/%sin (kny), (kn="3n=1,2,---),

to which the eigenvalue equations ﬁquﬁn = (hkn)?¢n, (n=1,2,---) hold. Then it is not difficult
to derive !

A A R .y —1
Gra = (] @ (ol (Pup” + 95 + (Moc)® —i€)  |za) @ |ya)

(oo}

= Y (K ((30a)? + (2rL + 2000)?) — K ((75a)? + (2rL — §a)?)] . (4)

r=—00

where we have used the notations foa = fo — fa, foa = %( fo+ fa), and

—1 [ 1\’
kG- [Car( Ve
) 2h Jo 2whiT
The structure of the Green function (4) implies that the Gy, is periodic with respect to Zpq,
and ¥, in such a way that

Gba (jbaa gba; :’jba) = Gba(fbaa gb(u gba £ L) = Gba (jba’ yba + 2L, gba)~ (6)

Those periodic properties may not be so effective for the fields confined in the IR brane, since
Joa = 0 and ¢p, = L on its. However, if the extra dimension is time dependent or moving,
then the situation will be changed.

:r‘*‘

[2-7((moe)®)] (5)

0 sYz, -

. 5 Figure2: rotation of dy = Rdf
Figure1: y(z°) and y'(2'®) related into dy’ = Rd6'

by a Lorentz boost

'In the derivation, the Poisson summation rule is used.
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The fig.1 and fig.2 are examples of time dependent extra dimensions; for example in fig.2,
the time-dependent extra dimension due to the rotating S! background, the world line element
of the particle can be represented by

ds® = da'"dx), + (Rd0')* = —(da")? + da'dx; + (dy — Bda”)?, (7)

where {2 is an angular velocity of the rotation. In what follows, we consider this case only;
the line element for fig.1, however, is essentially the same as the above except the coefficients
of dy and dx° in the rightmost square term of eq.(7). The action of spinless particle can be
defined by dS = —(moc)v/ —ds?, which gives rise to the constraint

K = —(po + Bpy)* +p'pi + p2 + (moc)? =0, (8)
where p,, and p, are respectively the momenta conjugate to z* and y. In g-number theory, the
constraint (8) can be read as the field equation KU = 0; or, using U = e%ﬁ“ﬁoﬁy, one can write

UKW = {p"p, + p2 + (moc)*} ¥ =0 (¥ =UD) (9)

Then, the Green function in {\i/} space is nothing but (4); and with Gy, = (U‘leaU) ‘
the propagation of fields on the IR brane can be written as

Ya=Yyp=L"

Uy (2p) = /d4$agba‘1’a(l‘a)7 (10)

where ®,(z,) is an appropriate initial state. Under the operation of U1, the i, in eq.(6) is
replaced by L — ﬂfga in Gpq; and, there arises the periodicity :cha — :Ega + A71L in Gp,. Then,
it is not difficult to verify that

etLr(0)oy, (1)) = /d4xagba<1>a(z2 + L, z). (11)

0-L

Here, if we put the initial state with m = mge="* = mg so that

D, (x) = 5(p* + (me)?)0(H°) pq (), (12)
one can derive the domain type of equation

a0y, = 745w, (§ = Ln/FF (), (13)

where Lr = L/B. In this stage, the + signs are arbitrary; and the combination of those
signs should be chosen by taking into account the asymptotic conditions and the symmetry of
system.

3 Green function in AdS; spacetime with non-zero warp
factor

Until now, we have discussed the specific case with k = 0; further, the field equation (13) has
been a difference equation along the time direction, in which the Lorentz symmetry is broken.
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For the case of k # 0, one can start from the action dS = —(moc)v/ —ds? with the world line
element

ds? = e "M da? + {dy — Be™" (dz” + du)}?, (14)

where u is a supplementary variable to fix the operator ordering in g-number theory. The
action gives rise to the constraints

Kp = e {—(po — pu)* + pip'} + {pp + (moc)?*} =0, (15)
¢,ﬁ =Dyt ﬁeikypy =0. (16)

We read the eq.(15) as the field equation e_Qkyl@g\I/ =0, (z = e*) in g-number theory. Then
the field U = \/zU, (U = e~ #%"P+) with z = e*¥ satisfies

{0+ = (5 hr =0, (A= (;)2—(”,?;)2) )

In this step, we eliminate p,, by regarding ég = 0 as the definition of p,; and, henceforth,

we deal with U~' = e~ #2"8¢7"by The field equation for ¥ is reduced to the eq.(9) for
A =0, i.e., for mg = %h—ck = %Mp. Under this parameter tuning, the Green function in {¥}
space coincides with (4) by the substitution z and L.)(= ekl — 1) for y and L, respectively.

Therefore, retracing the functional space by ¥ = U~} (2_%@), we arrive at the domain type
of field equation

ELR@) g, — (FiSy, (5 P (me)?, Dy = 2L(z)/]gﬁ) (18)

by assuming again the initial state (12).

Until now, the difference operation has been taken along the time direction. As a possible
way to obtain a covariant difference field equation, we try to modify the (dx® + du) in the line
element (14) by (V -dz +du), where V* is a four vector constructed out of dynamical variables
other than z* of the particle under consideration. In [8], we studied the V* represented by
a bi-linear form of two Majorana spinors. Then V? and VH2’ (V”“ = p*(p - V)/p?) become
constants depending on the dimensions of the spin-representation spaces; and, with the z =
L ek (A= (V2 -~ Vﬂz)ﬂ2 + 1) defined anew, the counterpart of eq.(17) can be written as

i
{ﬁ2+ﬁ§—(hk)2%}@zo, <A’: (;)2—<\/”j£;k>2> (19)

The result implies that the field equation in bulk is again reduced to eq.(9) under the parameter
tuning A’ = 0; and so, according to a similar procedure from (9) to (19), we can arrive at the
domain type of field equation

eiL/(V'a)b\I/b = eq:%gb\llb (L/ = 2L(z)/(k5‘/\|2))7 (20)
where § = L' (VO\/IW‘F V'ﬁ)-
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4 Discussion

In this article, we have shown that Yukawa’s domain type of field equations (1) arise naturally
as effective one’s at the IR brane in the AdSs spacetime. The keys to get such a field equation
are threefold: some periodic structures of Green functions for elementary fields in bulk asso-
ciated with a compact fifth dimension, time dependence of the extra dimension giving a time
periodicity to the Green function, and a suitable choice of the initial state at the IR brane. On
can expect that a similar difference field equation arises at boundaries in higher-dimensional
spacetime such as AdS; ® (compact space) too.

The ways giving the initial states, however, remain in ambiguous situation. Those setup
may become clerar by taking the CFT structure at the IR brane into account; we only point out
that the initial state (12) with m = 0 is able to have a definite scaling dimension provided that
¢o(z) have a scaling dimension. In the last step to derive the domain type of field equations,
we have introdued four vecotr V#* that defines a direction of displacement; then, the fields in
the IR brane become those with spin’s degrees of freedom. The particle model can be extended
so as to include internal degrees of freedom of a compact group in addition to spin’s degrees
of freedom. Then, in the IR brane, there arise a variety of fields including gauge fields, which
may add a relevant viewpoint to eq.(1).
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A= TEA DXL ZREL. TORE, 75 v 25—k Hawking IJE & IFE
N5 H 55PN E
K

Ih_2ﬁ (1)
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VDRGEETEIR L 7T v 7R — IV SN % e D 2 DO HET 5. 7Ty k=)L
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ﬁﬁi%ﬁm_ﬁ%ﬁﬁ%ﬁm,wﬁﬁ@#%Nwmawvybéﬁﬁﬁé.%@%%,a
SRICHZERI ALV F 2 DIRS ZeNTED., KT XU SEEN-MEBE KT 1 X U EE
FHIRIZBWT, —EEAHIIKT 5 Ward [HE R, Zhvzh,

Vv TU?O) 0 (2)
1
T LN 7
VT, = 967r\/jg€” V¥R (3)
it ZZTCHEEDLYD, WEFFZ22 2 U T Schwarzschild 79 v 72 Rk —VEHW=, T #O) b

) ENTh, "I XU SN EE e K71 X UBiiEEREo L v b EHE L.
£72, € lF e =129 5% Levi-Civita 7 VIV %&, RIZAAT—HiEEET. (2) & (7?7) I
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BWT, pu=tneE, ZhsDHRERZML &,

Tiloy = tio) (4)
Tylmy = N+ ty(m (5)

BB, 17 &40y BTNTNRERERL, N7 I
fOf —(9,1)/2

N, =

967
95, TIZT, flISchwarzschild BRIFZEDHE, f=1-2M/rick-oTHEZL6NE. T
NS 2ODMENERE —EIITRD B72012, e lZILER T L 2 MW 2B RO
H 5 2 DDEFREM:
Tylmy(ru) =0 (7)
Tyloy = Ty () (0) (8)
BHEALR 3. FRELT, A5 AXVELSTOIRINF—T Ty 7 AL
ro_ T
Tyioy = 25 9)

LD, R—FIWE (1) ZROBEBN 7 7y 7 AT 5. 22T, Bxlds=21/8y =
Orf(1))2]p=ry AW,

ZZTHWZ 2 DOBEREM (7), (8) DY REIRIZIRD & 5 ITIRT 5 Z L RN TE 5.
1 DODBHEM () 1IEA Vv e —FITEBADBIE N ZOAI LV Y N 2R EZDH L
VEDWEARIZZRDIRIVEWS EAIRMGLIRT 52 N TE 5. 2 D2DDHEREM (8) Ik
ALY MEFRIE IR T E 5. ZOHHIE, BETERFEIZIZ2TANVY—T T v 7 ADERITE
T4 X OMGERE, 77y RREEOEZBEI NS, —H, 5714 XU oifin /58T
BFEFEEERL, TRVF—OFEEHUIZ U2V, Gauss DEHIZE D, FT7 1 XA UHE
BIZBIB T T I AL RTA AU OHNENIZEEN /- B T2 =2V T Ty 7 A3E
L3, $§hbbhRI1 A VEEHERE RT 14 X Uhb#in-fHig%2 22 < h L v MEAZA
ThdeEZOLNS.

ZOBTFREOERIIBEWT, ALY MNIEFIavy ATy MNIOAL Y a7y
M@ﬁb/b&@Z@%@ﬁv/b#%b,t%b@ﬁv/b U TSRS 2T o0z
DWTIIREIZ AR D 905, WML AL Y MY —VRERaN) 7 MIoAL Y 2K
WAERELWHBIELS, BAIIRBHELZEANNTS 2212k, BHFEENS R —X—
ALY RNEHELL. ZOME, a7 U NIV Y NZTER2BRIZEDES 22N TE 5,
Z D%, Banerjee[4] AR [?7] 12X 5T, Lil2 DOHEREME (7), (8) ZHWARDDIZ,
Unruh H.%¢ [6], Hartle-Hawking 222 [7] £\ 572K T 1 A VIZEK U 72 B4 2 W56
IZ% Hawking A OFEREZEHTE L Z LRI NT VS,

2 TovIR—ILEEICEITEERERME

Unruh E.%% & Hartle-Hawking 5721, ingoing mode & outgoing mode % 9 Eddington-
Finkelstein FEf% 2 H\WTRE NS, BRI, Unruh REOHE, 20085 %&MAFL LT, &
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Z 1 X T outgoing mode current D3FEEL L 22\ &\ S 1FE A S
Twuw =0 (at the horizon) (10)
&, fEBRIE /5 T ingoing mode current MBI 172\ & S S
Ty =0 (at r — o0) (11)

RHWON S, £72, Hartle-Hawking EXEDHE, EH6DALV Y MERTIA X TERIZ
A RANEE S 1S

Twuw =Ty =0 (at the horizon) (12)

Lo ThHEZONS. KITHRARZ 2 DDBIFEM: (7), (8) DRD D IZ IS DEEREM % W
HE B WTH IE LW Hawking U OFER 2 EH T 25 Z AT E 2 DIFIFFICHKRE . 2
DESIZLT, TR EHMOENEZT Ty 7 R—IVOEEZMZHANT, BTFREOELZELNS
Hawking f4 D& H /7 EEA BHHEIZ 72 - 7=.

WZEZD L, BEIZASNZT v 7 R—IVOEZELM%HAWT, Hawking i % EL <
MHTE20THEROIE, Fr DRET BHEREM () & (8) b £-BEERIZB TS 12D
BEZMIIZRDELOTIERWrEEZSNE. T T, HLIFFEEIZ Eddington-Finkelstein
JERERIZBE T, [FABROMEN %17 > 72 (Table 1 2 H X). MR OHEMTIE, RHEHBICHH
WD TP o 72728, REMIZENREED AHWS Z 23T E72H, Eddington-Finkelstein
JEERATIE v & u DHFIZt & r DNEETE720, u L vEPDAL Y MR LT, TNEFNFHE
DEBDPBND DT, EEEBOBMPIEA LI LI1Tk5.

Eddington-Finkelstein FEfERIZHEWT, Unruh BEZEOEREM: (10), (11) DAEZHNWD &,
TRTCOMDPEBERETHIENTEY, INoH2 —BNIRET 5720121, LYV ME
peaill

t(O)vv = t(H)vv + Koo (13)

DBE Y 05, EEIZIZREFDN S, AT v TEBOMS 6 TV X EB R BHNEL, Z
DHL Y MEFRIE, 2RO DREMF ¥ LT EEHDRMEL LTS [7]. LEdis
T, x DFWEEEREME (7), (8) 1%, HEDHEZSEMEL NS DbIFTlrRL, H2EDBREME
ALY MEFAIZEDEEEDE UTHETAZ LN TE 3.

3 F&b

HTexld, BFREOFLEIZHED < Hawking B OEHIRIZEWT, HAHBHWE 2 DDEER
SN INBEILR TOF - R EEDEH 2 G A TWHARENENH 5 Z & 2% L 7-. Eddington-
Finkelstein JEEERIZEWTIE, BREOEREMFE AL v MAFRIZ WS Z £12 & 5T Hawking
B OFERZ BT 5 2R UK. LMo T, 58581, MoEELME2HWEiRz,
JERERIZEB L, Bk DL Z T BEREMEDTATHRORR L FRRDOFERE 52 502 DNWTH
KL TWEZL.
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Table 1: Eddington-Finkelstein BEAZR TOMEI : TN LTNEBIZS T 5T 32 VF —HBIET >V LD
fRERS. O4(r) =0 —(ru+e) & H(r) =1—-0,(r) ZMEBEBEKZRL, K,y 13571 XVEHIC
817 % ingoing mode DHFH%, Nyy(yu) =

Ingoing mode

Outgoing mode

T = T(O)vv@+ (7") + T(H)’U’UH(T)
T(total)vv =1y + KMJNH(T)
T(O)vv = t(O)vv + Ny
Tirywo = L)oo
Kyy = kyy + Ny

Tou = T(O)uu@Jr (7") + T(H)uuH(r)
T(total)uu = T’Mu~
T(O)uu = t(O)uu + ]Yuu
Ky =0
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92, =1 (8y1uy0)?
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Scale Invariance solves Cosmological Constant Problem

Department of Physics and Maskawa Institute for Science and Culture,
Kyoto Sangyo University, Kyoto 603-8555, Japan

Taichiro Kugo

1 ELBHIC: FHEHREBOXE

2RO Z DO H KT, - 25 [[FEHE S VAR Y L (5 ) THERCHERM L 72 & 512, FHERR (CC)
MO ARER 72 i, HOBERIZB T ARV VGOX¥ SR T 2 )L F— 7 )b I 7 V50 Dirac
DWFEDOR FODEATRILE —DRADPFERT 22 L2 TIEAEWV, TOHFIZWL 28 DOXNIMED
HREBB D, BIEWVEER R AT —VIZE =035 TEEL, &% DA — )L TO HFENENE
2, TSI T 2 EEFEHET AL —RITZECF Yy 2L L TWA, &S FEiEESE
RDTH 5,

Bz, F2IE DI U 2R RZ W T h, A< &8 OO FRME D [ R,
bbb, Higgs B & 2 BEIRIEOB N E . 27 4 — 7 JEHEIC & 2 H 1 VDR,
NH D EIFRE N, ZFOEHMET R ILF—D A7 —ILid,

Higgs W : — Vitiges ~ (200GeV )* ~ 10%GeV* ~ 1070 A
QCD 141 TV : — Voep ~  (200MeV )* ~ 1073GeV?* ~ 10*A, (1)

BEBH XN T WS CCHH Ag IZHERTZENZ N 56 M7, 44 MFREW, Frx D OFHTH» LT
HBPFELTVWD LW HEFEIZ, MEVWRIFET DIETOINS DEHHT 2 LT —22 < FH
EHUSHWVWTVWARWI L 2EIKT 5, §405, Einstein B, 25D AL T —%22
CEAILTWARWOTH S, HELINSDEMET VX =23, #OICHBRI N [HoFHE R
cTHEBLTWA LT DL, ZOZDOHBNENZITTEH, FIT 56 Hid DECEZHBRNIEZ -
TVWRITNIERSBRNWI L 2E KT S, ZOFEFEE2L - EL4 UL ERIK. TN T NEAD Higgs
HED T AN X — Vigiges & A1 TIVEHR T 2 VX — Voep AN IROBRIZ, &N OB T 12 #7, 44
MIDOBFEDBZEIZHBR I N T WS, WS TH5

c (BANZHEULZ CC)
= 654321, 098765 4321, 0987654321, 0987654321, 0987654321, 0987654321 x Ay ~ 10°6A,

~—_——
12 digits
¢+ Viiges = 4321, 0987654321, 0987654321, 0987654321, 0987654321 x Ag ~ 10%A,
44 digits
c+ VHiggs + VQCD — Iﬁ&@ﬂ%%lﬁ\}l/:\:—- 1 x Ao ~ Ao
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2 BEEIXNF—EBEERBIXILF— BHENER

B AL 72 & 512, FHEBMEDOARZ X, Planck TR IVF—DIFT, TALF—DAT —
WVDERLDNL DEOXIMED BRMBENAFEL, T2 B4 FET VX —I1X, ThTh
DIEND T F I F— A7 — )V TIRIFZEICHBE I N T WS, EWVWHIHETH S,

FHEBMEOMPEIL, ZO0AME2EHTIARALKEEZ 5220 TRITNIER SR,
Higgs BHEX° 771 T IVEHRE W o7z, 3o OXFRED HFEREENIE Planck T X)L F— X D Hi%
PROETANF—CTOHRKETHY, LTI TIRHENX. BFHRFIELED THIMET 2L F—
M LTOT A vyaka vEHEGR (b5 WITHEENMGR) cHoiddtkTcnwt, FHE
BEEIZZ OANENHROPRNTHR UMBRTEZLMETH S, Planck TRV F—L D HKE
BRIV X S E CZ Y [RBOEFENMEGR) X, HkzeLTH, TVEVWEHTEHOD
Planck TH V¥ —TOD HEHYE] 2D IEEOELDTH D, ik DT @R E O ARE D fiftk
ZIXRERTH B,

Fz, VURIYILTIR, GOHBOEEIRILE— (KRY VIGOIRE)T X)L F —* Dirac D
BOBIRXNLF—) & (ANT—HORT Uy VTRINDG) EERBIRILF—OBEKRIZD
WTHIAAY MUz, THDE, BRI E LTHRAXDIHIZA Y Ty hEINTWBZEN 6
DIFNF—NERBFHEEFRBUSDTHE I 21 TIVERGZHNZE > THEHIAL 7=,

3 RAT—IAEMHIEEZRERT S |

BEHEMEE I, A DHANIFZFLAERT—IVARBETHEL I 2ZHLIZ Lz, ThHhbL, 7277
M. Higgs D (X ¥4 VM) BEEZRIFIERTCERFONRNTA—-RE2E5F T, BRICAT—ILAR
BIRDTHD, N Z Higgs DERIED 27 —VARZMED HREMEN B I ANIE, o
ROBRRAMBAT — VAL WS AREENH 5 VWD T TH S, INDFHEHEED H R R
WEHZBHERTD,

3.1 HHEMRT—ILAETH

LIESLK 7 /30 =2 5N CTHBIN AT — VAZEMRHNIX ED & 5 ICFHEHMEI Rk H
LDN0, ZRT, BLMAT /<Y —ORRIZIREITiEw T 5.
AA =V 2T T B R WRMED BRI N 2 BEEIICE 2§ AT —VALRRKRT Vv

WA % 2 <
‘/<¢) = VB(¢0 + vﬁ(q>7h) + v&(q>7h7¢ﬂ
3 \J \J
M > m > m

ZIZT, Z000 7 A0, {8}, {h}, {¢}, k. ThEN, B (0L GUT), B, H1 7L
RO ANE AT =)V M, us m (M > p>m) CHRENENEZEITAL I —52EEL T
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W5, hixHiggs 5. o &A1 FIVERIE o BRI A A Z -85 Th 5, > T ¢l elementary Tl
ARV IR (22 RSY SRk MERSY - 2o NN

KT VY vy VOEEKBITHK S T, 4 IRThRZETAT —VARZEMER, BTy h, B {¢) =
{®,h, 0} DARFREHTHDZ &,

S0 V(e = V(). @)

EEWRT 5, b#b\:mdﬁ%yva@@%ﬁ@©:¢&mUw%#m:0f®@ﬁ%ié
T EREWTS

V(¢o) = 0.

HEZRIE, PR HEDOBREMBNOEERETEIS 2L Th 2,

FEEE. BULAT =)V M COYR AT D%, B4 1EV OFRT{®} 21T 2GS Vo(P)
I ERETNIERV, h® ok p RZNUATOEEYMAHEZE2LHELTVWEINSTH D,

Vo(®) S8R 7213 TIRIL 4 %72 L TWA DT, £ TOHKEMHENIMES B VX —TH D
KTV Y IVERIENHEZA D Z L Vo(Py) =0 2EKT 5,

IRDBED T AN F— A7 —)b 1 TO AR 2GR 2RHE (@} & {h} 2 ETEHD Vo (P)+
Vi (@,h) ERORIXR SRV, TZTDAT —=IVAREMWD S V()(<I>0)+V1(<I>0,ho) =0M2FZ5,

FRRIZ A7 =)L m T, BT V¥ v b Vo(®) 4 Vi(®, h) + Va(®, h, @) DNIRTT 4 72 DT, SR fE
Vo(®)) 4+ V(DU hy) + Va(®Y, hly, 0o) = 0 HIE X 5.,

DA TEEIL, BRNBENO R CHET 552K OKRT V¥ vy VSR ENE
NTAT—WVAREENSTH D,

Lol A A—VENYFIVIEEEDIZ, BTV Y VOEKEOHIZ5Z L5, £3, =
0)%5)‘)@f3‘”#%‘@0,dh_ODﬂfi;:/i/ﬁ’}b

Vo(@) = 320(@T — e0®f)?,
o T, HEZEHMRE
(®o) =M and (®1) = /oM. (3)

ZEBT D, Oo DWIFHMEM ZZERICBRNTH D, ZORBTRIEOTRVWELZITINEET, %
DRE ZITIFMDOREILS 2\, M IE, Planck BB E BRI NSET, IROAT —)VAZEREID
fEFTHR D, &2 DD - 72 Einstein-Hilbert IH &2 R

Sep = t/}ﬂx\/—g{c1¢3f3+waf#-+C3RMVR“”+-~-}
% U T Newton S EHAE 525, U GUT DFETE72 5, g 131074 < 5 VDN WERK
T, &1 13 GUT WFMEZ2Ik D 207 =5 TH 25 ; HIZIXSUGB) GUT 72&. BFNIEN SU(B) —
SU(3) x SU(2) x U(1) 5| & Z 9 Adjoint 1 : 24 TH 5,
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Vi (@, h) #o3id. ESRNFEZ IS Higgs HiDHRT ¥ ¥ LT
2
lﬁ@Jﬂz%M(Hh—q@ﬂ.
NI A—=R ) BRENIS I8~ 10728 128> T, 1P? THE VEVe160M? = 12/ N ICEE 2 NIE
ZDRT V¥ ¥ )Vid Higgs —HIAY h 12X 9 5 FEHER AL D Higgs potential % HHLd 5,

Vo(®, h, ) EB5I1E. A ZOUVRFEDREN, #HlAIX, SU2)LxSU(2)r — SU(2)y 25l i
8, 2x 217D AN T —Hp=0+it T EHio T, IHITNIBRNTA—=R ey~ 1073 T,
FRRIZE PN S:

1 t 2\ 2
Va(®, b, ) = 12 (t(610) = 2283) "+ Virear (@, 1, )
Eiﬂ% 1 Iﬂﬁi\ EQCI)2 ’2 VEV€250M2 = m2/)\2 %#ﬁzm i 774 7}1/ SU( )LxSU(2)R 37%@
© — gLYgr CARELKE o- B2 BT 5, RBEDIE Virear 1&. u,d 7 4 —2 D Higgs 5 h & D
/J\‘étx{?ﬁ“l%n B YUY Lo THELEZD DRI+ —7EEIZLD A FIVHIMEDNE H S
D, HIZIE, (e3 ~ dmeg)

Vireak (P, by ) = %Eg‘b% tr (cpT (yueh* ydh) + h.c.)

4 GZOERIBEFTEIRT—IVAEEDT /<) —

LU, TZETHOMERIIGFET DA —IVAERDT /<) —2 G L TE 7, GOMERT
B DIABR p EVWI AT =V ASTET, 207 /<) =L DiAARESEA (RGE)

)
<'u(9u+za:5a< +Z% 8(;5,) V(g)=0 (4)
TRIND, BFRIRGTEIEDHEEA
B 9
(uau + Z¢&b> V(¢) =4V (9) (5)

o (4) 231313

(Z(l— a@ > Ba(N) ) (¢) = 4V (¢) (6)

2135, TNF ETRARZENRAT —VAZEEDOR (2). 3, 0i(8/00:)V (¢) = 4V (¢). % & =
ABIELWATH O, HE 7/ vV =B B.(\) PRERIT v(\) PHANIEZNICRET %,
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Zo(6) Ak, HH Wﬁ%@ﬂziammm\ﬁ%yvv»@%%ﬁ@@ﬁﬁzér5§¢kié
KIEETHD, FaERLTWD, i, B.(\) 12 & BHNIERAZHED &>, (6) Rk, 58
R o, dV/dqﬁ‘(ﬁ:% = 0. T® potential D V(pg) (2 L

- Zﬁamga V(¢o) (7)

ZEL, 20X, FEEB N DD &5 ERABRER: Ba(AR) =0 E LEOME MR, % & 572V R
D, BT VY Y I)LDERMEV (go) PHALW, LWV TWdEIITRR S,

LU, 20RO EEZRLUEZY, B URINEER Mro DFEETNIX, AT ¥ vILD
FERIME V (o) . ARIMBIR p = 0124797 < TH, EBOBRIILF— 4 TOTHS, 215
ik, Thbb, AT—LFEMDT /) —id, BRIV v ILOREE V(g) 0 THB &
WO MEEIESIAVWDTH S,

9. TORCGEDRK (4) £ 0, BF V¥ ¥y VOEEDIERE 1 ¢o B BIE V (¢0) = Vo(\; p?)
P RGE

<+Zﬁa )vow) 0 (8)

72 IR T S, (EBRIORIE, R o BHEEORT VY v U Vo p?) = pto(N)
Iz

EWIIELDZDT, ZORDE 1IHp0/0p % 4ITEEHZ 5N, 25552 () RTRETS).
Z O RGE (8) R
Vo(As %) = V(A(t); n%e®) (9)
THA SN, A(t) RIRATHE S running $EERTH 2.,
Pull) _ g, (50) with Ault = 0) = A
ZDRT VT ¥ Vo(hs p?) = pto(X) DIRTE 0 545 v(A) 12 LTk, Z Ofifl
v(N) = v(A®) = v(A() = e Mu(N) (10)
OME%ZE D,
ZIT, HRHIEROFHABEER A\r 2522 & 2IET 5:
lim Ay(t) = Mra - (11)

t——o0
TRAMIBEE t — —oco (i = pe! — 0) & & X, (10) ik

v(AR) = eTv(N)
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252%, A0, BEROFAEHEHOFEHEDHEIZ. BERELDOER/DEEDLEKRL TV
DT, FAEERTORT V¥ Y VB v \R) IFERTH S, 255, ZOX0rs

v(\) =0 UZED>T Vohp?) =0 (12)

TRITNERS RN b2 5, Thbb, RF VY v VOEFEETOME V(A 1?) = pto())
L ARAMBRRIZEGERTIZ, TTIKARDO T AV F — p THATVWRITNIER S R», "< LT,
BRI RT VI v LD EEBRTHEHADMEIZ, RT—IVFAEMOEFT7 /) —%FYBIEE
KB L EFHL 72,

5 T—YKBMK

BTk, RERT—UBEBMHIX. KT vy Oz O TN BRI A=K gy ~ 10728, g9 ~
1073 ZBIZIET 5 Z & THEBLL 7z

) 2
Vo =1X (hTh — 51@%) and 15D I\ (tr(SOTSD) - 52(5%) (13)

UL, W, BIZIED A IV RFREDBND A7 — )b g9 IZIRDERIZHERD 5015 1 GUT
ERET DL, AT =V (®)) = My = JeoM 8135 SU3) 7 — VAT s = g3/4m &
RGE (Z U723 > THJE U, running #&EE B ag(p) AT = p ~ Agep THA FIVHFRME %
WD EEFE ey ~ 1IZIET D, ZFUTHRIE o-BERIO AN 7 — 5 OMFHENZE DA — )iz 5
(p) = VEaMy ~ Aqcp. &WH T ThHB, Lizhi>T, GUT A7 —)V My & QCD A7 —)b
Aqep DBIRIZ. AT —V My 2B T 27 — VG ER az(M) THRES :

€9 = AéCD = exp l(71 - L) (ﬁS(aS) = 2b3 O‘%)
M12 b3 043(M1) Qcr

%%17~w%mméﬂﬁx~&a%\%b%7~ﬁ5 —DEIBTDOLN)VDY — I EAEH
MHDRSERRKICIEESLEZESS, ULErLadrs, 2To50WSYER%2 BR{EL T, aéﬁﬁ‘kkw
(13) RD XS BAMAT ¥ ¥y V2B Z &, FHIAT =)V My TR & 12857 — Vi
TR 043((1’1) O AND DX NHL S SBOBETH 5,

Bardeen[1] 23R EIZHRRG U 72 & 512, BHERILORIL, Higgs DEBRIHLSMI, AT —ILF
£ DT, Higgs B &IHH Y OES#EIEIX Higgs D mass square (24T HAEI L, U7z > THREX
FErcH o, BEEBREARIET — VREEOMEIX RV, UL, BEERERIA GUT % Gravity
IZHEG L R%E B X5 L, GUT ® Gravity WK ERBEENTRA—REGZARED, HDEVIXAT—
JI/W EMWRH->TH, REQEENTIA—ZDPERNZELDLOIBRANT—HBREEFNLTWS

Elx. HO7—VBEMY (fine-tuning) OREMEL S LML TV (1],
x&—»?ﬁa@ RCTIERTHIRIT 4 DIED 575D T, TEHHEISERE L2 72wn, Lo
L. Bardeen DD X 512 Z DHZF T — VBEMENLZEITHETZNE L WD ZEIEE AR,
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S, BRI DR P hhe? Ehh ZBIEDR T, HIZIE. hhe2 EANBHETHTHRS, =
m#nﬁfﬁm_q®%ﬁ%bﬁw”t# Z7\0NE (®g) = M D3 Planck A7 —)L7DT, D
I Higgs DEEIHE UTHEE 2R OEE 2R~ L, HOT —VUBEEMEREL 2 Z 212k

50 Z DWUNDIREL &) % b 3RV REREMERIED 2\, &0 S Bk AY Shaposhnikov-Zenhausern|[2]
IZEoTHEALNTWS

AT = WA DN T B E DRI D 7= O I HE & & % 3 5 &\ D R A DFEE
bliZEkoThRENhTWDS [3 2,4, 5], U#»U. Rabinovici-Saering-Bardeen[3] & Shaposhnikov-
Zenhausern[2, 4] ® — D DX, EFMNICHBBERRT —IVAEMDR KIS D I & 2K
TEY, BxD [TV =BhHoTHEREITER] LWO T F VA LIFRESRLD, 72,
ZZCTHEAA LTz SO BIHFRE DB Z & O B 22 EHE T 2OV X — O, W
DMEIFEDFEZBIRIL TV,

% 7z. Shaposhnikov-Zenhausern[2, 4] & Wetterich[5] D&%, E /1D asymptotic safety
t WHOMEZZRLTWS, UL, Planck T X)L F — % X 5 A O #H ) B O MEE I

T THRA U 7o FHE B O A MM E R O & SRRV NETH 2,

6 RICAZZLITRED

HRMT - 35EGEEES VR T LADHBIZ, TOT7 T —F TR F—&7250D1F scale AFEM:
Z R OMER T non-zero D AT — V& HFINZERTH I ENTE D07 ] L0 pZ LT
BHIZE 5T,

FEX. F AN D non-zero D A 71 7 — L DMARHE ¢y = (¢oi) (AW T —HDZ2E/MpD~RZ b
V) DEIENI DT 70 —F THHEENSTH S, BxlF, FIFHLIFERALTREMEZERL
TWBDTHD2, AN T7—5DREK ¢y = 0(HHREE ) ST, IEEHZ non-zero DI 5
Dy # 0 BRBELRDTH 5,

FHERIZBWTIX, AT =V AEMLRH S DT, %D non-zero D AN T —IOHARHE ¢, D5
FIZEB ptE LT AT =5 ppy TERT V¥ ¥V 0 DIEREFKTRITNIZR SRV, Thbb,
AT — VAT B GR T

A 71T —h non-zero DIFE R @y # 0 DIFIE  +— HRT ¥ ¥ ¥ ILIT flat-direction 3 FLE

DHiHEDPEMTH 5,
& Z AN, BmEfimTILES flat-directiont [FERFTFIE TIX RN WVWE WS OV ELRD T
Hb, TOHBEDRT VY v IVEK

f(p) =V(pgy) with pe R (14)
EEAL D, BFMIZRVWTIE. ROZODHEBENEZ SN D,
1. flat direction BMR7=N 2B E: f(p) =0 for Vp € R.
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DEGEE. p=1DHEELZFEIDIT5E4AIT spontaneous.
BEFmTIE, 7/ —0D7OINPEERT 511, MR 72 A B

i) EFWANICE scale FEMZRDMA: Shaposhnikov-Zenhausern[2] D “Exact ST AL
H7 VNI scale REMED T 2 <V =30, (15 < Englert-Truffin-Gastmans|6]
IZ X D RIEE N7z scale AEVED n RoufblGERL), ZDHE, n =4+ Roufbil
FHE—EWN T, WEPZ O IERFT 2HPHETDH 5,

ii) flat direction Z R DMBRIME: 7/ vV —ZH > TH, (IS FRIEA H K
flat direction DIFFED MRz N B, HlZ X, BRI SUSY 2L, KTV ¥ ni0
DIEF R ETIX SUSY D72 EZE T X)L X —HNEG#HIE %2 3173, flat direction (X f#
7=ha, LU, ZOHED SUSY 7 & O IR FRME 12 BRI 1Z B R RE S 1
XS0, ZNE2UUTIZHE S DA RIETH 5,

2. dimensional transmutation D%Z&: f(p) = f'(p) =02, p=0& p=1 (or p = +1)
D2 i (or 3/0) TDAY LD,

FTibb, ZOEAEIET /%) =2 &> T non-zero (85t b HMHAD R —)v, 23D
55, EHEIFZIXQCD TIEZIO WS HEHMEI > TWVWDE LD IZES DT, HE-Miransky
LD Schwinger-Dyson Approach 72 ¥ 2 FHWTRERWA L o TW5,

Z DML, FHECORSLIZE T 2 FHEHMEZ i L TV 72720 72/ MR A2 ILE K,
e RETKR, & 512, AT — )VAZWOEEN 2 M X N2 AR K2 1T U o, HEIEREE, X
HEZ., IRER, IhEA, ORNADFHEK L OBEERFMIIZL 2A->TWET, K5I EH
LzweEWEd, £72. ZOWRIE. FHEBEERFRE PN OMEEEIZ L 5EHDTT,
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Unity of nature
-Nonlinear-supersymmetric general relativity theory-

Laboratory of Physics, Saitama Institute of Technology

Kazunari Shima
shima@sit.ac.jp

We have proposed NLSUSYGR(SGM) scenario[1] for unity of nature, which is described by the
Einstein-Hilbert type action on speciific space-time just inspired by the nonliner representation
of SUSY(NLSUSY)[2]. The ultimate shape of nature is unstable d = 4 space-time specified by
[ma,d)aN ; M| where 2%, 1N are Minkowski coordinate and Grassmann coordinate of the local
frame and z* is the ordinary world coordinate of Riemann space-time and is described by the
Einstein-Hilbert type action NLSUSYGR Lnisusycr(w®,) with the cosmological term A > 0.
computed in terms of the unified vierbein w®,. Mach principle is encoded geometrically. Big
%ﬁ}%ﬁ) occurs (because of the NLSUSY nature with Vp g =
A > 0 indicating the robust spontaneous SUSY breaking) which creates ordinary Riemann
space-time [2%; z/] and massless Nambu-Goldstone fermionic matter superon 1" [9] and induces
the rapid expansion of space-time due to the Pauli principle.. It is described by SGM action
[Lsem = Leu(e) — A+ T'(¢.e)] containing Einstein GR with Vp g = A > 0 and N superons.
The graviton is the universal attractive force and dictates the evolution of SGM world. The
phase transition of SGM towards the true vacuum Vp g = 0 is achieved by forming gravitational
composite (massless) LSUSY supermultiplet, which ignites Big Bang of the Universe and the
subsequent oscilations around the true vacuum. By linearizing the N-NLSUSY cosmological
term of Lgam(e, 1) the NLSUSY in flat space-time we have shown that the broken N-LSUSY
theory emerges as the composites of ¥ (NL/L SUSY relation). The vacua of composite SGM
scenario created by the Big Collapse of new space-time possesses rich structures promissing

Collapse of ultimate space-time

for the unified description of nature. SGM gives new insights into the unsolved problems of
cosmology, particle physics and mysterious relations between them|[21], for example, the origin
of three-generations strcture for quarks and leptons[3][4, 5, 21], the tiny nutrino mass m,,, the
proton decay, dark matter, the 4-dimensional dark energy density ppp ~ (m,)*, the space-
time dimension four, the rapid expansion of space and the magnitude of the gauge coupling
constant[17], etc. We have shown explicitly in 2 dimensional space-time that N = 2 LSUSY
QED theory emerges as the composite of NG fermion(superons) and simultaneously the true
vacuum of N = 2 NLSUSY theory on Minkowski space-time is achieved, which bridges the
particle physics and the cosmology.
Establishing NL /L SUSY relation on curved space-time, i.e. linearizing SGM action Lsgas(e, 1))

and the extension to large N, especially to N =10 =5+ 5* for equipping the SU(5) GUT
structure[5], is yet to be done for superon quintet hypothesis of SGM scenario.
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Finally we just mention that NLSUSY GR and the subsequent SGM scenario for the spin %

NG fermion[8] is in the same scope.
For a recent review with further details see [21].
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)Y RS—HIFEICAIRT 2ENERERE 77 v I R—ILHE

e B
FRALK R ZE B B2 R 5 R

HELRZE E LTO T Ty 7R —)L Tk, MV 2 @83 52U RIEHTINRIZR S Z L iET
SRV, ZhRPRIZEE S -ERE AN TH S, WHOBFMOMEEZZEY Ahd e, EE
DFFUZ LT 2 IRE DBUES (WD) B h—F v JHEH) A D Z e hHonTnDE, ZDZL
METITv I R— WIFENFENETHLEZ SN, FH1EMNPS T Iy I F—)LOoTy bo
C—%28ATEILDVAHTHD, TORREONDIONRRYy Ty aikfv-Fh—F 7TV b
nY— Spy =A/(4G) TH 5, ZITARMFHOHEETH Y, GRENERTHS, DTV
O — DR N FNERIIRRETE 7Ty 7R —NVIZBEL TR EATHARY, T4LE
HHHZEE LTO T Ty 7R —)UWIXERE, B, AEHEUAOYHEREEIZR <, Spy
DRXFH R ERZMEZFIATE 2 1F ELBOPLRBHRIPREN L Z T WV TH D,
NE7ov k=l ry v b—MELIFENG, /77y 7K=L YHZIZIZES 1 DDK
SRR EN D B, BEERE U TENFEZEZ TYWERPEFNRMPRETH L L &
5, lEoNB T Iy 7 R—IVEBTFEIEHD 1 DOMPREBIIRE 2 EZ NS, Fl b
Ty I R—IVIEEFK L THEZ RS> TV, HEOBHTEHIEHN 72T PEMICEL 61X, &
FMZIZZNIXEARE TR TE 5, WHARFZNIZHIPLIREES 5 726 O DEAIREBICIRET 5
ol BEFANFORBHEIMETHE2 =X T NBENTWE I 2EKT 5, ERIZaA=X
V)74 BENLZDONE S NIFEFEHNHGBHEEIINTI L N252525F26o0TED, Z
O MEIZFEREARE L XN 5,

2016 FEIZAR—F v, RY =AM IVIY—3ZD2O0DMEEFRRFIZHRTES 2D L
NNV T IATEBY TV AZRELT, HEHEZEDTWS [1], WPEHEICITENGZEE LTD
IVOREDFAELTED, ZOHUIA—K—L LT Spy 2HATE S [2), FHFH FIZAIFE
TRENEM (VT AT DM E ZEE L ZYEF L DR FIEHREAEL T, ARz
INF—FEOFE FRLERZEFORY T4 AV F—Hy 72 ZAB ML TN Z 8T, 2=
2T 4 PMRFIND L WSIIRHTH D, TIv I R—IVOEREZERKIZT S &, HITHER ED
HRIFZRICEE L, REIFI Va7 AF—EloEZRETIHRAI NG, HSEERIZ) v R —H#
CHICES b, AIRTL2ENERMIY VR —HEHEIZEED, T2 20ET UKD E T
Mz ET 5, 220V Y NI —HiVH Z @8 T 255, K% OEHEHMIFE UYHKROER%Z
LT AH, BETimOEMEHE TH 5 E FIREBOERE LEH L OBEENRE L 25, YK
PEE U7z ZOENEMOELIIHNT 2Rz KkdD, ThzETITSHI LT, HEEL
I FIET 5 & D BRICIZ R > TVWRWZ G EHEI N [3], £/2I v a7 AF—IEE(E
W 2EMNEHBEME BT ONE2LET I TTFav—L AR E NS, EHE
I DMEB D E DA I L 5 XRMEAFETHIE 2 S FHIHTE 72 [3).
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MENHRE IR DB REIC L 5 ERDOIEREIRR D&

H AR TR
=& &

1 BHMEEA

I EREH DARBE D — D13 ZF DIBNIERIEMEIZH 5. F DR % 8 2 Tk 4 7 Bk RN
KOREND. FHIZ, ZOMWIERIEIED 2 12 HREROMORE DR EE T H 5 /- DB FE DI
WriZ R 2 & B 22 B R DEL D WD B IZ#E L < 72 5. Bolldsf i ik e U, BEmast
MOEHEL TWA D, 20T Tu—F Ik —EOEMPIEE ZRITIEX, BBIZHHTE5:£0DT
AW, 72, BUERIEH K FTEMEDO—2oTH Y, TOHREHIIIF[HTDH 5720, IR
MRS R EL BEEAEHNRIENE S X EhAnwafElEeH 5. —F, L, Lol
EEBRDIE SN2 5 WL DDDNNT A —RIZ X > TYHBRK 2 ERAIIZaY ha—)LTE 3
7= OIEDIREE N Z BRINTTIR D Z 212 & o THIRZENYIFEBRR 2 5] & 2 mRetEid Rk & .

AKEFZED HNL, Einstein GNP Einsten-Maxwell 2D HFERIZK U T, #2Y 225 7RrE 2 345
T THEREZ HAFOPFMNEGL (b5 WIZIERE Y 7~ BIE T7)V) OGRS &, #8Ff
BN TEEZAWTEEPOH L WEZBERL, 5121, TOMERANLZZLIZE->T, BV
JEXREME IR U 2B DBRKO 2SI L TW Z & TH .

Bl T~ 1%, FIfEF: 2 31 U 7228 EOE AR IERRE B S O Bkl & LT, L
722 DDENPWE — N O OEEHBIG T I & B O FRIRBIR DO F4: % K3 H\ > O {72 i
BIRERER L, TOMITB VT, EHEKIEL ZEMAZICOWTHEFT L [1). 22T, S0
DY VRIDT LT, EROMAFICE > T FEFRE J% O B R O RERR O M 5 R i
W, TS ORBRREDHEAZIZOVWTHEN L., X612, SR ICH-cEon
TZHRENAIR  UC, ZORORTIHEMIARTIE, KEQEHRE, BT LbETRLF—DH
LD THEL DI TIERL, EH500NPRERRE (BT ULHEZRVF—2EHRLARWD)
ThhFI W ERRWEE iz,

INEZILATO/NLTIE, #sC[1] ISR EN TV RBHEOEN & Z DB S DIk -
EETOHBIZDOWTHRET 5.

2 FTEEEAREX (Ernst AIEX)

o Rz, MEEFRE 2 KD E 22 O Einstein HREADMRIZHIRT 2. D& SIRFZEOMRED
—#IZ 1%, AR D Kompaneets-Jordan-Ehlers GH& & 72 5.

ds? = e (dz + wdp)? + 272 p?d? + 20~V (—dt?® + dp?) (1)
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ZITY, w, yidtE pOBEKTHS. ZOEFED FTHEZED Einstein HRERZ R Z & 1%
2
2E_ — E E: 2
v E+Ev VE =0 (2)

L ZLIRET S, ERIE, UIEUIE Ernst AEREAREIEENS. V ® V2 1E 3 X5t Minkowski
RpzE ECERINTE Y, ARENIHENIREZFE>E0L 95, 72, B E X Emst K7~
VL EREERN, FHEAEY & wIilX o TIRRTERINS:

1

(I)7 = ;e4wwat)' (3)

1
E=c" +id. (@,t:;eww p

rp

3 —h&fE

Ernst HRERIZIFL HBER LD T —REOMKIIRETH L. LrL, KX (2) IEERZERD 31k
76 Minkowski I Z2[H %> & 2 RGT A 22 E DFFIGAR (5 5 W IZIFE Y <Y ET V) D SRR E R
mEBHDT, MEARHMEGRINGIET, BELHKERT —HOEMKENEEZIND 14 Z kS,
Bonsfg GhaE) DXL, RADXSITHEASNS:
1

2 _ _
eV = R ER w—4A/p[7',tdp—|—T,pdt], (4)

v = / [2prarpdt + p[(re)? + (1p)?] dp) | (5)

ZIT, ARDLIHEDIMENRDEENEXRT NI A=K TH Y, 713 37Kt Minkowski F2EA
D MBI % FF R OB EEE (Vir =0) TH S, ERBVWTA=0THL =1
L7220 fiflx VWb 5 Einstein-Rosen i IZIRET 5 [2]. U Fr DI & &Y — NREESR, i L TIE
7B )R 2 RS2 52 5 Y — Mg 1%, Xy 2IVEE Jo(kp) & cos(kt) & 5\ M sin(kt)
DREZESIZEHREDLES ZLIZL>THEA LN, KT Weber-Wheeler[3] & Bonnor[4] IZ & %
i (WWB f#: FORT § = 0 1Z/6) % —Mefb U 7= fi:

T= C/oo e~ Jo(kp) [cos(kt) cos & + sin(kt) sin & | dk (6)
0
3, EHMROBERERITMTHY, WHEHI LIZEPIEL) ZODREEHESELEFIIL o T

SR ERP T TES. F72, LRIBIELEIC &5 BKNARERE RO TRIFAL 2T
WEvsERFbHS (1.

4 —IREBDOTRTIFRTE (E— &) O

B TR O Nz IZERI, 2 DDOMNIRENKE—F (GHEAE Y ICHK TS +E—-F & wilH
K95 xE—F) OROIRIEMHEEH 2R, TOMEEMOHGIZNTA -2 AIZL>Ta
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vihu—End. HfEAHREZE T, #AMORMEI Y ZV0EE UTENFEOIXIVF —
(C-THRNVF =) RWLIRT XV F =5 (C-T XV X —5E) ITHY T 2 BEHATES [5). LT,
ZDC-TRVX—FE (E(t,p) £TB)IIHTE +E—RFE x E=—ROFE (ENTH EL(t,p),
Ex(t,p) £ T5) ORHIMZE 2B Z Ik > T, EHFEOERENREORMEZFRS.

iRt (4), (5) &b, ELBE—RDIIE

£, (e — A2\ ¢ 24 ?
€ <e—2+/12627> T (e—mrw) cE=p[Ear+ ()] (@

THRZLNG., ZHED, + E—FIZHLT x E=—RNBWEBLLRIGE (Ex > &) 1%, ¥— N
TENTRA—RAIZLS>TIRDEIIZEZSENEDT

1. vV2-1 1. V2+1

T <T<Th, (T,:ziln 1 ,T+::§1n 1 ) (8)

A DD S I RO T2 EMERIZNA 2 e TE 5. HlzE, M1 OEIKKO LS IZEL

V— RIRIZH LT ADMEIZIG U T, + 25 X IZE— RAZ LT AT 2 RBIZHIAZ ENTE 5,

M 1: £&b, TNFNA> V241, V241 >A>V2-1, V21> A > 01206 L 7= 2B OB

5 —f%{b N7z Weber-Wheeler-Bonnor # % UL 7=l 7=

22T, IHblE—DORNT S, Y= N (6) IZBWT =0k L7 WWB figld £ 2 &2 X7/
EE BN DR BR A BT, RS AMARET 5121, ¥ — Fi#E 2 DR L HH
ERAGODENE R V. TOBR 1 D& TR (p = 0) ICAST 728 (R 1), KfiZ2EITTH5 1
DOPH (WH2) 2 AW SEL LD ICHHETLL 2 00OWDOE R AL T I NTES. iRl
T.A=1/20& L, R EPER2IZDVWTENEFNDNAT A=K % (a1, c1, 61) = (1/20, 2, 0),
(az, c2, 62) = (10, 50, 0) & UCHEIELGAEDAF Y T ay b (it r) 2 X 2 12587

(t=30) (t=80) (1=130)

t =130 12/ S LBz B I3 r D AFy T ay b

‘ o 3

2:'75&“0, FhEN = 30, ¢t =80,
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_ermmemen

X 3-a: t=30ZBIFBEDAF YT av b X 3-b: + €E— KD C-ZxIVF—I12 5D 5EHEGDZEAL

B2I2BWT, AT EORSIIFPHR2VPEHR L ZEFLTWED, EICEHT S, FHEEE
IEBINE =27 2RO R LIZZ RV TF —DEH L TVWDE I A bh S (K3-a). £ZT+E—F
DC-TRVF— (% plZODVWTHA L&) ITHD D EEORMNEIE 7T 7L THAB L,
B (t =40) & + E— NEBZ S5 2D, t =80 DD T X IZKELE—FIERLTVWEZ &AW
a5 (H3-b). THIRTINF—ZNI VARSI BIREOWRIZ, BITIILX—DHAES LR
E— NP E U BGERH DL 2 RBRL TNV,

6 Einstein-Maxwell-2~NDHH (BEROKR-E D RE DERER)

PRI 2212 3\ TIE, Bonneor DZEHE [6] (2L U 72 28 H1IZ & > THZZD Einstein /2R Df#
% Einstein-Maxwell T RRDMBANBGIZEMTE 5. ZITLKD, + & x DEIKEE— FOIR
MBI, B ENROERBRE BRI W TES.

7T FEHESE

i DIERREHIREE N (B — Nig#) 13, NI RA =% ALY — N r OM OB LERNZHWT
fRtrCE B Z LD rote. BTN ULEIROE — N OEBIIE I - BRI O fx
WCREESEELZLh0, Mo THRELZBENROZ AL F —DORHS 2RI &> TE
WHEOIANX—IZHEBTEL2EDEEZ NS, FIZIE, BMOEEOERRIZEDEIED
ITARVF—IZHRE S NEEEDON—A NHRD LS b OB HET 2 (e R EIRBEIN5S.
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Statistics Interpolation in the Unruh Effect:
Anyon Exchange Relation in the Timelike Domain
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Abstract

We study the Unruh—DeWitt detector coupled to a hermitian scalar primary operator of
d(> 2)-dimensional conformal field theory. We show that, if the anomalous dimension of the
primary operator is nonvanishing, the detector’s power spectrum is generally given by the
thermal distribution of two-dimensional chiral anyon.

1 Introduction

This article studies a uniformly accelerating detector coupled to a background scalar field.
It has been known that, if the spacetime dimension is even and if the background scalar
field is massless as well as free, the detector’s power spectrum is proportional to the Bose—
Einstein distribution. This is as expected because the power spectrum is simply given by
the Fourier transform of two-point Wightman function for background scalar field. If the
spacetime dimension is odd, however, the detector’s power spectrum becomes proportional
to the Fermi—Dirac distribution. This happens without any fermionic degrees of freedom and
is called the statistic inversion [1]. The purpose of this article is to report a generalization
of this apparent inversion to a continuous interpolation of Bose—Einstein and Fermi—Dirac
distributions [2]. We show that, if the detector couples to a scalar primary operator of back-
ground conformal field theory (CFT), the detector’s power spectrum is generally given by
the thermal distribution for two-dimensional anyon [3]. The key is the anomalous dimension
and resulting branch point singularity in the two-point Wightman function for primary op-
erators. In what follows we shall first see that the two-point Wightman function along the
detector’s worldline satisfies the anyon commutation relation as well as the Kubo—Martin—
Schwinger (KMS) thermal equilibrium condition. We then show by direct computation that
the detector’s power spectrum indeed coincides with the anyon distribution.

2 Detector’s Power Spectrum and Anyon Distribution

To begin with, let us consider a uniformly accelerating pointlike detector—the Unruh—DeWitt
detector [4]—in d(> 2)-dimensional Minkowski spacetime. Let us suppose that the spacetime
is filled with a background CFT. Let us also suppose that the detector has a “monopole
moment” m and that m linearly couples to a hermitian scalar primary operator Oa of
background CFT, where A stands for the scaling dimension of Oa. The action describing
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this situation is then given by

oo

Stotal = SCFT + Sdctcctor + / dr m(T)OA (iL’(T)), (1)

— 00

where Scrpr and Sgetector respectively stand for actions of the background CFT and the
Unruh-DeWitt detector, both of which are irrelevant in the following discussion. 7 is the
detector’s proper time and z#(7) is the detector’s worldline given by

29(7) = ésinh(aT), (1) = %cosh(m—), z'(7) = constant (i =2,---,d—1), (2)
where a > 0 is the proper acceleration of the detector. Note that without any loss of
generality we have assumed that the detector moves along the x'-direction.

We wish to know the transition probability for the process |0) ® |E;) — |®) ® |Ey),
where |E;/¢) are the initial and finial states of the detector and [0) is the vacuum state
for inertial observers. |®) is an arbitrary basis of background CFT and assumed to satisfy
the completeness ) 4 |®)(®| = 1. At the linear order of perturbation theory the transition
probability per unit time is given by

(B Im(0)| E:) PP (w), 3)

where we have summed over all possible final states |®). Here P(w) is the so-called detector’s
power spectrum and given by the Fourier transform of two-point Wightman function along
the detector’s worldline:

Plw) = /OOdTeim<0|OA(x(T))OA(x(O))|O>, w=FE;—E;. (4)

— 00

Note that the detector’s “monopole moment” m(7) appears only in the matrix element
(E¢|lm(0)|E;). The detector’s power spectrum P(w), on the other hand, is independent on
the detail of the detector.

Now, the Fourier integral (4) is exactly calculable. But before doing this, let us first take
a closer look at the analytic structure of two-point Wightman function along the detector’s
worldline. We first note that the two-point Wightman function for Oa is determined by
conformal symmetry and given by
]7A

(0|OA(2)OA(y)[0) o [(x —y)* +iesgn(a® — )] (5)

where € is a positive infinitesimal which is taken to zero at the end of calculations. Note
that this function has a branch point at (z — y)? = — (2 — °)? + |z — y|?> = 0. The branch
cut should be chosen along the negative real axis in the complex (z — y)?-plane such that
(0|OA(2)OA(y)]0) and (0]Oa(y)Oa(x)|0) coincide for spacelike separation (z — y)? > 0.
With this choice of the branch cut, the commutator function (0|[Oa(z), Oa(y)]|0) vanishes
for (x — y)? > 0; that is, spacelike-separated operators commute with each other, which
is needed to implement the causality requirement. For timelike-separated operators, on
the other hand, (0|Oa(2)Oa(y)|0) and (0]|Oa(y)Oa(x)|0) do not coincide anymore. For
example, if 20 —y® > 0, the Wightman function (0|Oa (2)Oa(y)|0) is given by the boundary
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value on the upper-side of the branch cut, while (0]|Oa(y)Oa(x)|0) is given by that on the
lower-side of the branch cut. These two boundary values do not coincide and differ by the
phase (e2™) ™4 = ¢72™A Similarly, for (z—y)? < 0 and 2° —4° < 0 the Wightman functions
(0|OA(7)OA(y)|0) and (0|Oa(y)Oa(z)|0) differ by the phase (e=279)~4 = i2™A . Putting
these things together, we arrive at the following commutation relation in the timelike domain:

(0|OA ()OA(y)]0) = e~ 22582~y (0|05 () O (2)[0) for (z—y)2<0.  (6)

Now there are two important points to be noted. The first is that any two distinct points
lying on the detector’s worldline (2) are always timelike separated:

(2(r) = 2(1))? = = (2°(1) = 2°(r"))* + (2 (1) — 2" (7))?

%(T — T')) <0 for T#7. (7)
The second is that the sign function sgn(x%(7) — 2°(7’)) is equivalent to sgn(7 — 7’) because
2%(7) = (1/a)sinh(ar) is a monotonically increasing function of 7. Hence the Wightman
function along the detector’s worldline satisfies the following commutation relation:

(010 (@(7)Oa(w(r)]0) = e~ 274 T=(0| O (2(7)) O (x(7))[0), (®)

which is nothing but the anyon commutation relations in two dimensions, where 7 plays the
role of light-cone coordinates * = x° + 2! of two-dimensional Minkowski spacetime. This
implies that the Wightman function for scalar primary operators along the detector’s world-
line may well be related to the Wightman function for two-dimensional chiral anyon with
statistical parameter k = 2A. Furthermore, as generally proved by Sewell [5] the Wight-
man function along the detector’s worldline always satisfies the KMS thermal equilibrium
condition:

4 . 2
= = sinh (

(010a (2(7))Oa(2(0))[0) = (0[O (2(0))Oa(2(T +if))[0), (9)
where 8 = 27 /a. This implies that the Wightman function along the detector’s worldline
is nothing but the thermal Wightman function at temperature T' = a/(27). These indicate
that (0|Oa(z(7))Oa(x(7"))|0) could be regarded as the thermal anyon Wightman function
in two dimensions and hence its Fourier transform (4) may well be related to the thermal
anyon distribution.

The above observation can in fact be checked by direct calculations. First, the Wightman

function along the detector’s worldline is obtained by just substituting (2) into (5) and given
by

a
o
One can easily check that (10) indeed satisfies the KMS condition (9). The detector’s power
spectrum is then given by the Fourier transform

P [ de Lsmh@;}Tw - z’e»] i
— ] 2
- o (e (a5)
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which, up to the overall factor, exactly coincides with the thermal distribution for two-
dimensional chiral anyon [3]. We note that if A is an integer the detector’s power spectrum
(11) becomes proportional to the Bose-Einstein distribution. If A is a half-integer, on the
other hand, (11) becomes proportional to the Fermi-Dirac distribution. Hence for generic A
the power spectrum continuously interpolates the Bose—Einstein and Fermi—Dirac distribu-
tions.

To conclude, we have seen that the two-point Wightman function for a scalar primary
operator satisfies the anyon commutation relations and the KMS condition if it is restricted
to lie on the detector’s worldline. We have also seen that the detector’s power spectrum
indeed coincides with the thermal anyon distribution in two dimensions. It was, however,
unclear how the braid group entered into the discussion. It would be important to clarify
this.
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1 Introduction

SEAE, B A 7L —a VORI DO WTERAICE R I N T WA, FHOEHEMEREY
RIAAXVEEE WS TZE Yy TNV FEHEmICB I #MEERZ B L, BN TS CMBORE
SERHRTA0I20WE, FHOA V7V —Ya VIFEEREZRTH S, HHNARE» S, 1
VI —vavEEREILESE (177 b)) ODEREEZRILF —TOEOHERDERIZH
% LT, BEARMWTH S, INETRARA VI L —ya VBN EZ SNTE, T2V Y
XAV T75 NV DENRIBERMDO—DTH B, 727 UF VIIHERENDD 5 - O BE O T 1%
Ry T VY IVIETFIHTH 5, PREREMEIZIEEEINICHE S WD 720, B 72 0FE R ZMED A0
BolzRT VY VIRERING, TDD, TIVF AT —arvzEZ25b5A2T, JE
EHZNRIIMO TEETH 5,

Lo bBHMIRT IO A VAV T V=Y a VBRI FFaI Ny T —Ya vy (1| THhD,
DRI CH R R T VO vy IV R/ E72DIZE, TT VI AT =R AN VT AT — )Tk
WE DR KRERREER f PBETHIH, TNUREHTELEINRE TR —OMHRO I
WAFS 5, EE. MR TIEZTDI I BRRERAHBEECHIIEHTLIZERE LS NTW
b, o, B FFaola v I —va i3 AN T —T o —thr BREL RLMEADRDH D,
BUHAKE R 2 ERLSEATERWAREELRH B, TDRD, TI2VAVRT VY Y VADHIEEE
ABHZEIFEETH D,

AEX IR D FEEEZN R & U T, Poly-instanton & XN 2 IEEENRAFET S (2,3, 2D
JEEEE R IZ, JEEEI RIS T AIFEFFHETH O, MEFNIZIRDE I REY 2T T D
BRIz 5.

AW = exp|A + CeT]. (1)
CDESBART VI Y IVTDA TV =Y avBRlle2ZEX I L 3AATHS, T OEKTDT
TOA Y7L —ya VBB CIEEZSNT WS 4], $/2, ZORF Y Vv LEHVEZEY 2
FAEEIZDOVWTHHEMINT VWD [, BA IR T ORHTHET 7V AV EHNTDT I
AvA V7L —ay TORRMEIC DWW THER L 72 (6]
2 Poly-instanton Inflation

LR DR T ROV ¥ —F R LB E MR 2 VW TREI NS, Kihler EY a7/ A (5
WA=N=T 4=V T; ZHTERI NG, BEKHEGRIZE T 5IEEBHZR (D-brane instanton
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X gaugino condensation) {2 &> T, IFEHIITIRD K D RA—N=RT Ty VR ERI N5,
gaugino condensation D&, FEEHEFHIEIZIRD X S5 IZEFErNS:

Wnp — Aa6—247r2fa/ba’ (2)
Z 2T f, I& gauge kinetic function, b, 1FX—XBEHDEETH 5,
fa - ftree + flfloop + fnp‘ (3)

THDEN. firee 3T —VHGRMPRIET 2TV — Y OEBIZHHBIT B, fioio0p (FEFRMEIE U, 120D
AMEFET DM TH 5, frp FIEFEEMIETH 0, FFHEHIMHIEZ 5 X 5 D-brane instanton 0k it
fERZHWTIRD &S I2ErN2:

fop =Y _ Bj(Un)e T, (4)
J

A=N=R Ty VAOIEFMIEE T, (THKAFT2HLZTKEHT RO XS 148 %:

Wnp = Z A, eXp[_ba(aa,iTi =+ Z Ba,je_bj’ka)]' (5)
a J

D& 5 724H1E% poly-instanton R L ISR, F-term KT V¥ ¥ IUITIRD K 512725,
Vi = eX[KTTDrW D W — 3|W 2, (6)

727Z2LZ 2T K iEKéihler K7 ¥ ¥V ThHO K =K(T+T), DrW = (0rK)W + 0rW T®H
5, T=1+ip £EL, BHIZIHEEINEZRTIEOESTRERDH 2T 7 F v TH D, T Ut
DIGIETRTHRELS B> TWVWD LRET D, F-term KT V¥ ¥ ILIFIRD L S I2F T B,

Vi ~ 2e% |WyAg| exp[—6 cos(agb)]{(KTTK% — 3) cos[d sin(a¢p) + 0]
+ K" Kras cos[—a¢ + dsin(a¢p) + 0]} + (const),

ZIT, 6=Cexpl[-a<7T>] THYH., 1T Wy, Ay BEDNHZ X LD-EDTHD, § B+H
REWEE, ZORT VIV Y IVIFIRD XS ITIEQTE 5!

V ~ A(e70%% cos[dsinag — ag + 0] + Vo ). (8)

(7)

ZORT VY IVOMEZEH< & Figure 1 ® & 512725, Poly-isntanton R T > ¥ ¥ LIk Z DFf
BRI 72 & D 72 D SPHREIR B FAET 5, ZORT VI Y IVTDA VI L=V a v RITRA—=R%
HETLZ RO LD IHETE S
2
—2 N
r~10 sigde’ 9)

ns~0.965 L35 E. 2~ 100 THY mall field inflation &IFFNBEIIZ R >TWS, 7z
Bz ANGHHE S % & Table 1 DL S I278%,
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Figure 1: The inflation potential with § = 8.0. The red and blue curves correspond to £ and 7,
respectively.
Lo leo ] A [n [ v [N] o mj
80 [4.13]329x10°% 10953 [6.02x10°7[61.9] —3.66x 10 %[ 6.70 x 10~ 11
9.0 | 3.16 | 3.46 x 10716 [ 0.959 | 9.30 x 10~7 | 58.6 | —4.66 x 10~% | 1.27 x 1010
10.0 | 2.11 [ 2.18 x 10716 [ 0.963 | 7.65 x 10~7 | 56.8 | —4.70 x 10~% | 1.26 x 1010
11.0 | 7.25 [ 1.08 x 10716 | 0.966 | 4.24 x 1077 | 61.7 | —3.98 x 10~% | 8.31 x 10~ 11
12.0 | 6.28 | 8.89 x 10717 | 0.966 | 4.89 x 10~ 7 | 55.7 | —4.61 x 10~* | 1.12 x 10710
Table 1: Examples of parameters and observables.
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Abstract

FEMEREACIE, —=a— M) R T7A VT2V IA VL LTEHINE, V— Y —EETIZ
2MHDTANT NI A VOMAEGDLET2HDYITF TV IAVEMEVHRT, I TS
CTANMIIBTWBEREAKREND S, I S FEIHELETREASHAYIZES, i, 7
A VKA I TOE BN EMIZIZEHRSINTVRY, LT, 7146335
FEREZK, HEEORTY) a— R I LB BREIZRD, Tihbb, mEit&o &R
IZSEBID BLZRAE 2 A X DEENER I NS, ZOELENS, ¥IT7F=a— 1V J W6
Xhnif, BRFORPTEEIORITY a—R IR T2 REETEIN5,

1 Introduction

In the massless case, it is generally believed that the Majorana fermion and the Weyl fermion
are identical in d = 1 + 3 as is seen by writing them in the two-component spinor notation.
But this is shown to be invalid quantum mechanically, and we discuss Majorana and Weyl
fermions using a relativistic analogue of Bogoliubov transformation. Surprisingly, this anal-
ysis leads to the idea that the Majorana neutrino should be regarded as a Bogoliubov quasi-
particle that is consistently understood only by use of the Bogoliubov transformation [1].

2 Majorana fermion from Weyl fermion

The Majorana fermion is defined by

—T
Yum(z) = Chn (2)
and the chiral Weyl fermion is defined by
Ysw ()R = Yw ()R-

It is customary to define

—T

Yum(x) =Yw(@)r + CYw ()R

—T
so that ¥ (x) = Cippr (7) where C' = iy240 is the charge conjugation matrix.
It is often assumed in the analysis of seesaw mechanism that the charge conjugation is

given by
— T

(Yw (2)r)C = CYw (2)r

or
—7T

Cow (z)rCT = CYw (2)R -
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However, this leads to a puzzling result using ¥w (z)gr = (1';775’)1/}14/(33)3,

(1+75)

C¢W($)RCT = TC’Q/Jw(x)RCT
) g’ =0,

Moreover, for C- and P-violating weak interaction, which is written as

EWeak = (g/\@)éL'YMWéi)(l')VL—Fh.C.

= (9/V2)ery" W (@)[(1 =s)/2lve + hec., (1)

the first expression implies that Lweax is invariant under C, while the second expression

implies Lweax — 0, if one uses (Y (2)r)¢ = Cw (x)LT. We thus conclude that the quantity

—T

(Yw (2)r)C = CYw (@) r

represents a convenient auxiliary object, but not a charge conjugation of ¥y (2)g.
Instead, one may define

Cytow ()rC), = Cow @)z (2)

by noting that ¥y (z)g = H'%?/JD(QJ) and using the conventional charge conjugation

——T

Cptop (2)Cl, = Cijp(x)

of a Dirac field ¢)p(z). In this case, no obvious contradictions appear, but

waM(l')CL = Cw'(/)W(l')RCL‘FCwaW(x)RTCL

= C’¢W($)LT+1/)W(JU)L
# u(x).

Namely, we can not satisfy the Majorana condition of ¥y, (x). This implies that the issue
of the operator charge conjugation is not solved by the mere change of the convention, but
rooted at a more fundamental level.

However, consistent operatorial CP is satisfied,

CPYu () (CP)T = in s (¢, —),
if one adopts C-operation (2) and the i7° - parity,
Pip(a)Ph = iy (t, -1),

which preserves the reality of the field in the Majorana representation.
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3 Relativistic analogue of Bogoliubov transformation

We introduced a relativistic analogue of Bogoliubov transformation, (,°) — (N, N€),

(M) - (mpuiormmisie)

with a suitable parameter #. Note that )¢ = Ct7, and the transformation satisfies the
(classical) consistency condition B
N¢=CNT".

This Bogoliubov transformation maps a linear combination of a Dirac fermion ¥ and its
charge conjugate ¢ to another Dirac fermion N and its charge conjugate N€¢, and the
original Fock vacuum for ¢ is mapped to a new vacuum for N. It is important that the
anticommutators are preserved,

{N(t, Z), N°(t,9)} = {(t, 2), v°(t, 9) )
{Na(tvf)7N/3(t’g)} = {N(i(t7f)7N/§(t’g)} =0.

namely, canonicity condition of the Bogoliubov transformation is satisfied, irrespective of the
masses of the fields ¢ and N. The Bogoliubov transformation preserves the CP symmetry,
although it does not preserve the transformation properties under operator P and operator
C separately.

The Bogoliubov transformation with 6 = 7/4 gives

(N(x)+ N°(z)) = tn(z)+Con (x),

1
%
1
V2

namely, two Majorana fermions,

(N(@) = N°(x)) = op(e)—Cp (),

W _ L v+ N
@ _ L vy - Ners

are naturally defined in terms of N(x) (Bogoliubov quasiparticle), with CNNC';V = N¢ =

CN". Those Majorana fermions satisfy
1 1 2 2
Ca/C =i, Cvuiel = —uf)
the first being even and the second odd eigenfield of the charge conjugation operator Cy.
In the case of massless Majorana and Weyl fermions, we do not encounter an explicit

fermion number violation in the Lagrangian, for example, if one defines 1/)5\}) () = Ygr(z) +
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C¢R(x)T7

SO @i 9l )
= Yr(@)i PYr(z),

unlike the see-saw mechanism. Yet the chiral Weyl fermion ¢ (x) is not the eigenstate of
charge conjugation C and parity P transformations, although CP is well-defined. Recall that

L =yYr(x)i Phr(r) = Yr(x)i J[(1+vs5)/2r(x)

suffers from the same ambiguity as in (1) if one adopts the charge conjugation (¢Yg(z))¢ =
—T

Cvr(z) . Thus the definition of the free Majorana fermion has conflicts with the definition

of the charge conjugation for ¥ (x).

We can solve the Bogoliubov transformation (3) in terms of the Majorana fermions as

( ¢Kx) ) _ < (1tﬁ5) g?(x)+_(1:?5)¢é?(m) >'
vi() (52) v (@) — (552) v (@)

Natural charge conjugation is then Cp, under which

en e\ (@)el, = v (@), and cy'P (@)l - —0v P (2).

But, this operation does not send v to ¢, which would be expected if the operator charge
conjugation is preserved, although the classical consistency condition ¢¢(x) = CWT is
satisfied. The Majorana fermions w}(\}I,Z) (z) are consistently defined in terms of the Bogoliubov
N(z) and N¢(z), but not consistently in terms of the chiral projected components ¥ 1, g(x).

As for the physical implication of the above analysis, it may be natural to accept the
description of the Majorana neutrino using the Bogoliubov transformation as a physical one
in the Standard Model, since we start with the chiral Weyl fermions as the basic building
blocks of gauge theory. One may thus regard the Majorana neutrino, if it should be observed,
as a first Bogoliubov quasiparticle which is consistently understood only by the use of the
Bogoliubov transformation.

We have discussed the basic properties of Majorana and Weyl fermions and the relativistic
analogue of Bogoliubov transformation in d =1+ 3.  In the Standard Model it is natural
to start with Weyl fermions, and we argued that a change of vacuum as is indicated by
the Bogoliubov transformation is inevitable to understand the possible Majorana neutrino
consistently.
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Constraints of neutrino mass by the lensing effect on the m-z
relation of type Ia supernovae
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Abstract

The lensing effect on the magnitude-redshift relation of the Type Ia Supernovae is in-
vestigated. It is pointed out that a severe constraints on the total neutrino mass and the
equation of state parameter of the dark energy are obtained by using future planned wide
field imaging surveys by Infrared Satellite WFIRST and LSST.

1 Introduction

Large scale structure in the universe brings about inevitable noises on any cosmological
observation by its weak lensing effect[4]. However it also carries important cosmological
informations if we can predict the detail of the effect. Fortunately the development of N-
body simulation of structure formation gives us reasonably accurate informations on the
growth of large scale structure based on the cold dark matter (CDM) scenario. Thus it
will be possible to make use of the results of N-body simulation to derive the effect of the
lensing in the observational date to derive useful information on the cosmology if we know the
intrinsic, namely without the effect of lensing, nature of the source object. The object whose
intrinsic nature such as luminosity is known or accurately estimated is called the standard
candle. Type Ia supernovae is most famous example of the standard candle. In fact it is well
known that the Type Ia supernovae are used to show the acceleration of the present universe.
Therefore it is natural to consider the lensing effect on the magnitude of the supernovae.
Another motivation to study the lensing effect is the existence of the future imaging surveys
with the Wide-field Infrared Survey Telescope called WFIRST and Large Synoptic Survey
Telescope (LSST). The WFIRST will observe several thousand supernovae with redshift
larger than 1, and LSST will observe of the order of hundred thousand supernovae with
redshift between 0 to 1. Sufficiently large number of nearby supernovae are used to improve
the estimate of the intrinsic luminosity which is essentially important to estimate the lensing
effect. The present estimate has the ambiguity of the order of 0.11 magnitude and if the
estimate is expected to be improved to 0.06 magnitude or so.

2 Method

On the theoretical side the lensing effect is known from the distance fluctuation due to
the inhomogeneous matter distribution. Under the condition that the bending angle of the
light ray is sufficiently small and the Newtonian potential is sufficiently weak, the distance
fluctuation contrast 64 = dd/dprw for the object with the redshift z5 and the direction 7 in
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the totally flat universe is given as follows [2].

2 Xs
Sulzni) = = 22020 [7 X=X (1 2000) 0 (200,71 1)
0 Xs
where dprw is the standard Friedmann-Robertson-Walker luminosity distance and Hy, Q2,0
are the Hubble parameter and the density parameter at the present, respectively, Thus the
distance contrast in an inhomogeneous universe is given by the line of sight integral over
the matter density contrast d,, = dp/po with pg the averaged matter density. The relation

between the observed apparent magnitude and the distance contrast is given by

- )
dm(z, M) ~ 10

One can calculate, for example , the dispersion of the lensing effect at fixed redshift from
the above formula[3]. This is given by

15H3 Dm0\ [* s—x|° [Fme kdk

21In 10 Xs 27

(5d(27 ﬁ) (2)

where P,,(z, k) is the nonlinear matter power spectrum and kg, is of the order of 10 ,the
largest scale where our small angle approximation applies. Unfortunately no theoretical
approximation is available for such higher value of wave number. Thus we have to employ
the result of numerical simulation of structure formation. Here we used the result by Smith
et al. [1]. We have also used the fitting formula of the effect of neutrino mass on the structure
formation by Bird et al[5].

3 Results

The effect of neutrino as hot dark matter on the structure formation is well known. It erases
small scale structure by the free streaming. The free streaming scale is given by [7][6]

0.677 my
kgs(2) ~ (

03272 \Tev

In this work we focus on the neutrino mass constraint from the lensing effect. We found
that the constraint expected from both WFIRST and LSST is m, < 1.1eV if we assume the
present ambiguity of the absolute magnitude. If we can reduce the ambiguity to half, then
we will reach the current tightest limit, m, < 0.2eV.

We can improve the constraint if we are able to observe more higher redshift sources
and source with very small intrinsic ambiguity. In the latter respect, we can make use
of gravitational waves from binary systems composed of neutron stars. It is known that
such binaries are potentially powerful standard candles ( 1% accuracy for determination of
distance[8]. Although the first gravitational waves from binary neutron stars was already
observed, the distance is too short to apply for the cosmology. It is expected that next
generation of gravitational wave detectors will be able to observe neutron star binaries up
to the redshift of the order of 2. Thus the method to constrain the neutrino mass adopted
in the work will become very powerful when many gravitational wave sources are available.

) (Qm,th)l/z Mpe™? (4)
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Abstract

Ly TARENETBEL T N7 L= N—FERFEREL 4N — 7X OWHEZ SREICER
g2, ey TR TN—F v OEMKEGEN UFEBRE g — lig ZFREL, ThrEs
REHGERBILERT, 51T, BITMETHDAEZTNTOERDR 727 4 — 27 BURFICER
BN S T 4 — VRREBRIGDH 5 N E B 2T 5, AFEIIHZE [1] 125 <,

1 BA

HAROER, 7 VIAVEEORREER Y, 7L — =121 2 340 EO M I M G %
MR DFYWHEOBEAMS LTEHEZ SN, SEVAEBMANIE, £ 5\ o 723EHEOMR -
SISV DO A X 05, 1207 -T2 LT, EEHRIZB T2 HREEDHND
BH#E, Thbb, LT 7L —N"—0D+ (lepton flavor violation, LFV) DEERWNERNT
H5,

LFV 282 HED 1 DIV 7 b VBT HEL OGN — X (N 3ET) B3I 5h5 (2,3, 4],
AR TIE, LFV 2N T 2R FDREICENI A= 00NV—F VY HEEHTEYF Y &
WWEET %, i BARNIZT 5720, REHTIEe vy VAR T% LEV k729 5 [5, 6.
AFEHTIE LN = 4, X DIEVWHRBREZERT D, BITHATIE, lig— Lig (g2 ¢, bt) W
FWRBEUTHARGNTE -, LU, BFWIZ o,b t I3FEET, 7 +—27 2 L TOAE
N5, TDH, 74— BREFEEZRT LU TORBENELVWDED LD,

lig — Liqq (1)

¥/, LHCIZB W5y AL OEBES BNy T2 TV —F VOEPHEEIZLEHD
ThHdIezEVlT e, LN - GX ITHRAKORBEPRERFLEE2B 0T L FHTE
b5, Tiabb,

lig — Lg (2)

DEBHREZGEATRNETH D, AIKTIE, Tho DR L HLIZ 4N — (X ORHRE % E
AMbT 2, BITRTEDIT, #EL LGN — X OEERITEL ZEERNE — AFRTIE, 22
TEEU big — Lijg WEBRTEZ2 S 56T, TD7d, LAT TS Wil E AL idoa Rk
FERIZH 1 5 LFV BGEEZ FHICHERIZB S A TATR A D L2 5,

LRIFSEDFERIZ T L — N — DN EENT AR TAEICE N A+ — 2%V —F Y e HEFEHT SV F ) AL TIT
HUZDEFEMD D, HIZIE, REWGHEALIZBIT 2 KK 7=V RY v, 7L == HMHHERIDF 59 % flavon,
ffi%x D)) A THNS leptoquark 7 &,
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2 BrEEERNL

LEVH#EL 4N — ;X Oz 6T 2, BATRERNRZLS1Z (1) g — L9 (2) Lig — L;q7
DZEBETHES Ze W THS, ZTholdo773 0970 L= Lam + Lipy TIN5,

Loy = — quhqu + Ghggh Gy, G, Lipy = —pijl; Prlih — pjil; Prl;h. (3)

q
Go, BTN —F VDRI gpgy BTNV —F vy F2ADOEPREGEREXKT, LFV HA
TERZREB TR pij TRTA =R =M UTz, BFi. jETV—N—%2KRL. i£jL95, Th
SITH L LHC 2513 L v A LEV SR 5 BIEAEE W T3 1 /pa EF ol <

24 x 1073, KO\ \/]purl? + [prul? < 3.16 x 10—3 7,8, 9, 10]c gngg & v 7 ADKATES)
aq, (¢ = —Q2 < 0) DR E LTRSS (Flg 1 (a)) [11, 12]
o 4m3[ ( 4m3> am? }
9h = 1+{1—-— f ) 4
w2 2 ) ) @

v =246 GeV \ZFEEMRHMHE, o, = g2/dm. my BT + — 2 DBEREERT, B f(r) &

ﬂﬂ:—ibﬁ[itéé:” (r < 0). (5

t- 7‘% /Z\}I/ﬁﬂlﬁszg — 79 Tld @ < 072D TR f(r) FEHEFEZ 20, ZHIEAT—Ud
¢ =mi CHEEIN, BN+ —IDBHE2H-6T LHC “CO)E v AR E KRELS RS
MTCH Db, BT H—7IZ&D grgg ~NDEFGIE DL S1Z, Q% — 01T UEBMANIBES 5,

2/3 (r — —00,Q% — 0).

0 (r—0,Q% — 00). ©

7’[1—|—(1—T)f(1")}—>{

ZD7zD. LN = X TR grgg CHT 200 cOFLGETHEIZERD ZEHWEEL 252,
LGN — (X OEWHERIZROEIZERMLE D,

= Y iy [ g g @

X=g,9q9

r = Q?/2P - q; 1 Bjorken 24X, y = 2P - q;, /2P - p; \¥WVEEE KT, P, p; IXBRER T
RV T NV OEFRTH D, v &y OBDHEFIL (13, 14] R ETEINT WS, K5 (1]
D (9) RZRKRERT, £,(£Q%) F 7V —4 > PDF., ¢ I3MIREH T OB & & <— b V3
HROWTH D 1 p, = (P, € OHPHITZFEREZ L 1T E D, FlBFE L9 — g OB W HERLE

Botigrry _ Q(Q% +m2) lonaol” (Ioie” + loril%) 5(¢— ). (8)

dxdy 873 (Q* +m3)?

2—%, LHC 2B 5 v V2R FERTIE, ¢ =m? DT, by FEIVEE5T 3,
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2 2 2
1+ K }yq (\pnl + [pril )0(§IQ2+4m3> '
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h
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LB\, FBE (g — 7qq DHBE. BIRES 4 — 27 OBEEDPWHBIZ JIEFTREZEL <H
DAL T, £ ZIRDBIZHS : € = 2(Q% + w?)/Q? [15].

3 BERER

E—LAIZRVF—DFHE LT, v T A%ENE TS LFV 8EL LN — 7X OWHEEZX 3
IZRT, Z—A4 Y PDF OKE X ERRREAAMEMOMEN NS WZ 22X, SHFEREL
TFME (g > Tg D ETDEHFL LD, ZORBRIZED. By =50GeV (500 GeV) IZxF L,
LWERDE LT 7.8 65 (1.8 ) KT 5, FBFE ;g — Tce (L;g — Tbb) 1. ALAHZEHI DT
DRI E 72D, By ~100GeV (500 GeV) 75 & 5 X BEREL L5, [4] 72 DEFTHZE
Tl RMLDOFLED E) ~ 50 GeV 05 HFEG T2 LFfiENTWAZDT, REREBLELRS,

4 FEb

e AN LFV 8L 4N — 17X OWHEFERIZ O WTHEE L7z, ZOBELOE L WKl
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ITERFEERUZKIG 6ig — 797 (9 = ¢, b,t)e ATV HNTE 2 lig — Tq &, 74—
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Abstract

The present talk consists of two parts. The first one is allocated for consideration of the
dimension of bilocal meson fields for quark-antiquark meson systems, which have been so
far treated as the bosonic fields independent of constituent quark flavors, in the covariant
oscillator quark model. Revisiting the electromagnetic currents of quark-antiquark meson
systems, we show that the bilocal meson fields should be bosonic for light-quark systems,
while fermionic for heavy-light and heavy-heavy systems. In the second part we apply the
effective electromagnetic interactions of meson systems derived in the first part to radiative
decay processes for the excited states of light-quark mesons. The calculated results for the 7y
decay widths of the a1(1260), a2(1320), b1(1235) and m2(1670) mesons are in fair agreement
with experiment, except for the b;(1235) meson.

1 Introduction

Importance of the investigation of radiative decays for hadrons is to offer a rather direct
probe of the internal charge structure of hadrons. The coupling to the charges and spins of
constituent quarks reveals detailed information about wave functions and is therefore useful
in determining hadronic structure. Furthermore, radiative decays are a much better probe
than are hadronic decays, since the former can access final states which are kinematically
forbidden for the latter. In particular they can help distinguish possible exotic states, such
as tetraquarks, hybrids, and glueballs, from conventional quark-antiquark mesons. Radia-
tive transitions between various hadrons can also provide significant help in testing models,
since the electromagnetic interaction is much better known than the interaction for hadronic
decays.

In dealing with radiative decays some typical approximations, such as long wavelength
and nonrelativistic approximations, which are not always justified, are usually used. For
instance, the recoil effect of final-state mesons is neglected, though the momenta of those
mesons are often comparable to their masses, especially in light-quark meson sectors. There
is also ambiguity associated with a choice of the relativistic or nonrelativistic phase space
in the nonrelativistic quark model. When the decays become relativistic, no one knows
the rigorous way of deriving the relationship between nonrelativistic decay amplitudes and
relativistic decay widths.

In the covariant oscillator quark model (COQM), on the other hand, hadrons themselves
and their interactions are formulated in a manifestly covariant way. Since both the interac-
tion operator and wave functions are relativistic, the gauge invariance is preserved and the
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conserved electromagnetic currents of hadrons are given explicitly in terms of the constituent
quark variables [1]. In the COQM it should be noted here that there is no ambiguity associ-
ated with a choice of the relativistic or nonrelativistic phase space, as in the nonrelativistic
quark model.

There is another difficulty in the case of dealing with a pion within the constituent quark
model. The pion has an exceptionally light mass compared with other ground-state hadrons.
Decay form factors, which come from overlaps between initial- and final-state wave functions,
have anomalous behaviors due to too small mass of the pion. In actual applications to decay
processes the “physical or symmetric” mass ambiguity exists on the treatment of the pion
and other hadron masses [2]. The cause of this difficulty with a pion in view of QCD is
that the pion is a pseudo-Nambu-Goldstone (NG) boson associated with the spontaneous
breaking of chiral symmetry. The NG boson nature of the pion is not incorporated into the
constituent quark model, including the COQM.

In this talk we give careful consideration to the dimension of bilocal meson fields in the
COQM. Bilocal meson fields for quark-antiquark meson systems have been so far treated as
the bosonic fields, independent of constituent quark flavors, in our previous works. Here we
argue that the bilocal meson fields should be bosonic for light-quark systems, while fermionic
for heavy-light and heavy-heavy systems, by revisiting the electromagnetic currents of quark-
antiquark meson systems [3].

2 The covariant oscillator quark model

Basic framework of the COQM. In the COQM quark-antiquark meson systems are described
by the bilocal field
U(x1,22)0” = U(X,2)", (1)

where 7 (z4) is the space-time coordinate, o () the Dirac spinor index of the constituent
quark (antiquark), and the center-of-mass and relative coordinates are defined, respectively,
by

maazh + moah

XH = , at =l —ab (2)

m1 + mo

with the constituent quark (antiquark) mass ms (msz). The bilocal meson field is required
to satisfy the Klein-Gordon-type equation

0? o
S (X, 1) =
(-5 ~ M) ¥x.0," =0 ®
with the squared-mass operator, in the pure confining force limit,
M?(x) = 2(my + mg) ii+U(£L’) U(x)*fle x* 4 const (4)
N ! 2\ 2u Oz, 0zt ’ I '

where p = mimso/(my1 + ms2) is the reduced mass and K is the spring constant. A solution
of this equation can be written as

U(X,2)o” = NeF P X" 0(0,2), 7, o = P*/M, (5)
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where N is the normalization constant for the plane wave, P* and M are the center-of-mass
momentum and mass, respectively, of the whole meson system, and ®(v,),” is the internal
wave function which is given by the direct product of eigenfunctions of the squared-mass
operator and the Bargmann-Wigner spinor functions, defined by the direct tensor product
of respective Dirac spinors, with the meson four velocity v*, for the constituent quark and
antiquark.

Key features of the COQM. In order to freeze the redundant freedom of relative time
for the four-dimensional harmonic oscillator, which gives here the squared-mass operator,
the definite-metric-type subsidiary condition is adopted [4]. The space-time wave functions
satisfying this condition is normalizable and leads to the desirable asymptotic behavior of
electromagnetic form factors of hadrons. The eigenvalues of the squared-mass operator are
given by

K
M]%,:M§+NQ, Q =2(my + ma) ;, (6)

where N = 2N,.+ L, N,. (L) being the radial (orbital angular momentum) quantum number.
This squared-mass formula gives linear Regge trajectories with the slope 271, in accord with
the well-known experimental fact.

3 The dimension of bilocal meson fields in the COQM

Electromagnetic currents for quark-antiquark meson systems. The above Klein-Gordon-type
equation is rewritten in terms of the quark and antiquark coordinates as

2
2(my + ma) (Z -1 672 — U(xhxg)) \Il(xl,xg)aﬁ =0 (7)

) ) K
P 2m; O0x;, 0

or, equivalently,
2 1 2 6
2 D00l v o =0, .
; 2m; axmaxét (ﬂchxz) (:El, xQ) ( )
This equation is derived from either of the actions

G(KG.S) :/d4m1/d4x2 E(KG,S)(\I&@M\I/,QQN\I/) 9)

free free

with the Klein-Gordon-like Lagrangian

2 <

KG) _ 19 9
L) = V(a1 22)2(ma + mo) <Z 2 Dy D
i=1 g 24 7

— U(xl,x2)> U(zq,22) (10)

and the Schrodinger-like Lagrangian

219 @
Efe)e = U(zy,29) (Z - U(ﬁ#’z)) V(zy,x2), (11)

s O O
pt 2m; Ox;y, O
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where the bilocal field W(zy,z2) has the dimension of bosons [M'] and fermions [M?/?] for
EEYKES) and Ei(?i)e, respectively, except for the dimension of internal wave functions [M?].
The interaction of quark-antiquark meson systems with an electromagnetic field can be

obtained [5] by the minimal substitutions

0

W — w + Z@QzAH(IZ) (12)

in the free Lagrangians ESZS’S), in which the heuristic prescription by Feynman, Kislinger

and Ravndal [6] with some extension is adopted as the following replacements

Oz, Oxt! Iu Oz, Oxt! In 3x§"y 7 oxt’

where @Q; (i = 1,2) are the quark and antiquark charges in units of e and gj(\? are the
parameters related to the anomalous magnetic moments of constituent quarks. Then the
action for the electromagnetic interaction of meson systems is obtained, up to the first order
of e, as

2
SKGS) _ / da / dizy 3 GV @y, 29) Ay () = / d*XJEGS(X)A,(X)  (14)
i=1
with the conserved currents

VN “
. = —ieQ); 0 .G 3 0
GO (@, 20) = 2(my+mo) <‘I’($1a$2) ieQ ( —ig\)o" (895%' + W)) \If(:c1,x2)>

2mi 8171'” A
(15)
and ®a)
. 0
(S)p Ji (z1,72)
\ R S AR A 16
Ji (w1, x2) S0y + ma) (16)

where (---) means taking trace concerning the Dirac indices. The electric charges of meson
systems are given by the diagonal elements

QS = [ @x @ses ). a7

Features of the Klein-Gordon-like current. The meson charge is given by
QS = (Q1 + Q2)e, (18)
which reproduces the physical one correctly. The currents ji(KG)“(:Ul, x9) have no absolute

mass scales of constituent quarks. This would seem to be natural for light-quark systems
from the viewpoint of QCD in the chiral limit.
Features of the Schriodinger-like current. In this case the meson charge becomes

leflse)zson = L(Ql + Q2)67 (19)

mi + meo
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where M is the meson mass. This expression does not generally coincide with the physical
meson charge. However, it gives the correct charge in the heavy quark limit. This means
that the Schrodinger-like current is applicable to heavy-light and heavy-heavy systems. If
the meson masses for nonrelativistic quark systems are written as

M, = (m1 +m2) +&, (20)

with the n-th excitation energy &,, then the meson charge can be expressed as

En
Qgr?e)son = <]- + ]\40> (Ql + QQ)ev (21)

where My is a mass of the ground-state meson. From this expression it is found that the
applicability of the schrodinger-like current is estimated by the ratio of the excitation energy
to the ground-state mass. The currents ji(s)“(xl, x2), unlike jl-(KG)’L(xl, x2), have the absolute
mass scales of constituent quarks, which is a desirable feature in describing the nonrelativistic
quark systems.

The dimension of bilocal meson fields. From the above considerations, it is concluded
that the dimension of bilocal meson fields is bosonic for light-quark systems, while fermionic
for heavy-light and heavy-heavy systems, except for the dimension of internal wave functions
[M2]. Our recent studies of the pionic decays of excited heavy-light, charmed and charmed-
strange, mesons support this conclusion for heavy-light systems [7].

4 Radiative decay widths of light-quark mesons

The above effective electromagnetic interactions SS:G’S) describe systematically all the elec-
tromagnetic interactions of quark-antiquark meson systems. For the radiative decays of
light-quark mesons the decay width is obtained, following the usual procedure with the

Klein-Gordon-like interaction SSEG), as

1 g 2
r= 2, 22
2J¢+187TM§S%;I|MJ‘| (22)

where M; (J;) are the mass (spin) of the initial-state meson and |q| is the photon three-
momentum. In the actual applications of the above formula to radiative decay widths of
light-quark mesons the physical masses are used for initial- and final-state mesons, except
for the pion.

Parameter determination. Here we restrict ourselves to a discussion on the radiative
decays of light-quark mesons only with nonstrange quarks. Then the present radiative decay
model has two parameters, 2 and gy (= g(Mu) = gj(\d/), the inverse of the Regge slope and the
parameter related to the anomalous magnetic moment of u and d quarks. We take the value
of Q = 1.14 GeV? with the slope of the leading p(770)-meson trajectory and determine a
value of gys so as to fit the experimental width for p(770)* — 7%+.

We also treat the pion mass as an additional parameter, which is determined in the follow-
ing ways: Assuming that the pion lies on the spin-singlet, by (1235)-m5(1670), trajectory, the
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Table 1: Theoretical and experimental widths in keV for radiative decays of light-quark mesons. The
experimental values of the initial-state masses and radiative widths are taken from the Particle Data
Group (PDG) [8].

Initial state n>+1L; Decay process M; (MeV) Theory Experiment
139, p(7T70)* — 7wty 775.26 & 0.25 68 (fit) 68 +7
3P a1(1260)* — 7%y 1230 + 40 464 640 + 246
1P, a(1320)F — 7ty 1318757 340 311+ 25
1P b1(1235)* — 7fy  1229.5+ 3.2 42 230 + 60
11Dy m2(1670)F — ¥y 1672.24 3.0 88 181 429

effective pion mass becomes 0.476 GeV. Calculating the numerical width for p(770)* — 7t~
with this pion mass, gy = 1.51 is obtained.

Numerical results. Numerical results of the radiative decay widths are shown in compar-
ison with experiment in Table 1. The agreement with the measured widths for 7y decays
is satisfactory, though that for m(1670)* — 7%y less so, except for by (1235)* — 7%y, It
should be noted that only the electric (convection) current, independent of gps, contributes
to the decay processes by (1235)F — 7%+ and 72(1670)F — 7F+.

5 Summary

The dimension of bilocal meson fields should be bosonic for light-quark meson systems, while
fermionic for heavy-light and heavy-heavy ones, except for the dimension of internal wave
functions. The calculated results for the radiative decay widths of the a1(1260), a3(1320),
b1(1235) and 75(1670) mesons to the pion are in fair agreement with experiment, aside from
b1(1235)* — 7t
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B E

BEOFHIIIEFRL TWD, ZNE2HHT 2 REMEHRAENFHEZEAT LI L
N, ZFOOITHBERFHEOKRE X, M REITHHFINEMELIDE 120 HiH /M
W, ZORREIZ G AR &7 RIE A S D, IS EHRIET 2Dk hr#L
WHETH 5, Z Z Tl unimodular H O HHNE X O FimlAa i 2R, ZhrZn
o D% RS A AREEIZ D W TERT 5.

1 #R®DIC

FHIAME L XN TV S REITIRO & 5 RETH 5, BUEOFHITNMEFEL T\,
—h, BHREIZENE25250T, ROICEREL T TEZFNIEEET 3T ThHs, Zh
WEUAIZ U CEBATE 37255007

FNEIHHETE 1 OOFEEMD., TA vy a kA Vv ABRRNCEDOFEHELHB7-0TH S
LB THB, UL HENAREE, &P alE» 5,

A 2R, FEAENICIIEFREDEE L T W AR D b, TSI 2 R TH
EOFEHIZR-TETWREEZOND I THDS, TOMHER I LIZ, FHOEEI XL
F—., TRbLbLFHERAESSEMTEIDOT, ZNS DHEBHE & 7212 1 ZHAE D NEIZE %
BRIUTWS (3x1073%eV) LWI/NIRIFINF —D35% 5 & 5 IZHRYO T )L F — % Jiffid
5 DIEEE LW,

BN AEIT, BEORESSIZIDERINI T RIVF T4 IRTHBLTHD, %
DYMHET TV 7 T XINF—RREICRD LI NE I THE, ThEBAIZNTVWE TS
VX=X, 120 HTEDEDDH D, HRICHIAT 5 Z L IXR#ETH 5,

INZHHRIZHIATE 2 AREED & 5 DAY, Unimodular ] (UG) TH 5 Z & &2 iEims 5.

2 HHEHNUG
UG ¥ ix. — it (GR) 12, FHROFHIRNEE TN TS LW S bk D) 72 H#H

Thbd, 5.
W ey AT A LA da (1)
ZEELUZARBERZE TS, ZhEHWVTEHRI
VIdetg] =w (2)
PO AEEET, TOE EEAIE T
S(0) = 1o [ dre(R-A) 3)
EH
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b, RBOHILEE IXTFHEZN, S0BELED0HLEEAL TOWARVWERLRDOT, BT
ThEbZRWV, EEE, UTICRS &5, Hiz XU TWAEEARERNICHE LRV, 2z
WS OER Z A T

Sm = /ddxwﬁm . (4)
9%, ZOEDE L DHERITIZ

1
0+/|detg| = ig“yégm, =0. (5)

EVIGRMERI LS TIRORY, Thbb, 56 & §g, BFL—ADB04DT, Boh
57402 VAEBRRS PV AN 0DHDITRS,

1 1
R, — Eg,wR = 881G (Tw — diT> . (6)

W30 % L2543 U C. Bianchi ¥R EMHIL 2 REM VS L V,T = {2V, R 2E5H
50T, ThazMndTse

d—2 dA

167G +47rG (™)
285, 25U T, FHEHAMESEHE UCEEARRNICEL S, ZHiE, HOOBOBKR
ZMIZEoTHREDZERTHY, fEAIZH -7 (BTTHDRWEES7) FHER T
MR THLZLITERLED, ZhEE 5T, BEET XL F—IL gravitate LIRWVWEF S Z
tHH b,

T=-

3 =EF#mH UG

FNTIE, ROMEEFEFREZEZATZE I, ZOHRIETIEARIELEETETLDLAIC
25, ZHEADUIEHARSNT WS D, XHRIFWA WAL TRMBAEL TWT, BELLTWS,

INEZFARD-DIZ, BEHOHEZBEEGLZTORAVORSETIINIITERZS, ZOLE
BB NS A NI -V a v

Guv = gup(eh)pv (8)

EHWS, UG DEZEDOHLHIZIX2EY DHEND 5.

L Bl 53 Uz ht =0 284,

2. TAINWVRERTTiE

A

Juv = Yuv (UJQ> (9)
EEIFE AHRE LT EAR v, 2o TETE (2) O&MMHESNT 0, (EHR

a2 d—1)(d—-2
50) = 2 [ el Ril+ D (0 - 209007 0
722U Vit y,, KX BEEWATH D, T OERETIIBE O A AR E O T

A IV

Vv — QQ’Y,LW ; w—w, (11)

IZEBAREMWD D 5,
WINOERMEE R CHESHRZ2 5250, XEMZIFEHEZREZ TCVWELONRE4H 5, T2
T, ZZTCELVWHHEMEE2E5X 5,
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4 GREBHMAERICEDIUGD/NIIL NV

GR DEE, 108D Z 75 VT VBB (= 20HDNINV =T VEH) & 4DDF 75
VT V=TI NT A= R =D > T 8§ DDH 1 TR (4 DD primary #IH &, 4 DD secondary
W) Db, INSDENTNNR2DODNIN =T VERERS DT, 20 -2 x 8 =41
DIEMEEBIEL, 77 b 2D 2 DOYMKEHEHEDN K S,

UG DEE. h=01BLDT, 9HDELRH O, BIROEEEBAEENS 3 D057 5
VIOT VT =UNRITA=R=IPELT 6 DOHENH S, L7A>T9I—2x3=31HDOYH
HEENEZS LB S hE Lk, EBRE SR L TV SKRAERED B, — i DR
LHARZEVE L R 2 WHER TR ZIFEL WAL, UG TRIELL AW, %5 UG X GR
WIZHERZRUTHEON-HRROENPS, TORDIZEHEIRED 22312 0O DiE
FZIZK W0, FEiF, UG ITIEEE 3 D (tertiary) #IRAMZEMEL T, HHEHEN 2 D205 I &A%
N5, LU INEHEERLRIERDIH LUV T, REBEIIC X2 ENERmE2 525,

5 BERERICLZUGOH1LIL—TEE
UURDOFE#TIX. York 47 fi#
_ _ 1 1
myzﬂf+vgy+vgw+C@anﬂwvﬁg+d%J% (12)
EHWBZ 22T 5, 2750
VEhL, =0, g"h, =0, V=0, h=g"h,,. (13)

Thd, N—lIERGICLBPETHSH I %2FKT, AL lT Lichnerowicz &+ TH b, ZD&
Evaverv

1/2 = 1/2
2
lezda;<AL1—-(f) &x(ALof/Zda;(Ao-dffl) (14)

MELBZLITERT D, B L NIV Th=0%2%R1L,
V" =0 = e, =¢, + V.0 (15)

ZhiG72 3R NVIERCS B SDiff 27— VREES 5, 7 — VHEERBE

I 2R -1 =
F,=T,V,h" = — (AL1 — d) & T, =68 — V“ﬁvy (16)
2L b, HERREIEIZ L D (d¢,dodhdel dodg)
_\1/2
- detq (ALl — %)
Zyg = (/(dﬁT)) e 51) (17)

—\1/2
detg (ALQ — %) det Ai/oz

2185, ZZTHUDHE 1 EY SDiff DERREZ LT 52, 2 DOMEYIHNE— KoMz
AN T == FWED I LB TEN L, HidZ S TREERL, Vopigs = [de(V,et) =
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JdeTdpdetAry*(¢) &0, [(deT)det Apy/* 4 SDiff DKRITH B, Lni>T, GR L
L<

det; (ALl - %)1/2

dets (85— 28)

Zyg =e %W (18)

THdIehond, BIFHOREEERS X, I o BWE % [ 7R 2 HIETRD 5 Z
EINTE D, T ORER 4 RGO i I 7 R D TH I

o1 4 2\ (535 mupe 29 5o
Liog(9) = 2(47r)2/d z/glog <M2> <45R;wpoR 0F (19)
25, TITEIRUMELRT, Zhid, K<HonTVERERE BT 5,

6 fEim
UG & GRIZH AN IZTFHEOR D HNDAMIFR U TH 5, EH ARV D —L )LD
RIBEFECIZARS, T2 TlE. BEFMMIEES 2o WS HEE2EE L, IROMEREZE,
1. B7&HTd., HFHHBLEEULKANAIN N VEATHHELARCIZZ > TWS,
2. BEMED T, BolZODVWTOBEA TRAIFEHPRIFFHIRDVH > T, ThEEEALKRY
X UG & GRIZFA%TH 5,
U= oTC
1. ZD 2 DODMEIT KN R A r —)VOEHHE L FHEOR D FWERWTIX, FHE,
2. BZET 3 )L F — (% gravitate L7\ & W5 HILEERIZ. EFRTHR D LD,
BRIZ—EMTINZ 5 &, unimodular FEROAEMEA X, B2EEOENR T 5 7 27— )L
W25 WS IR o nwZ b holz, UL, REFEEHENELDMHEZ D% FiiH
FTREZERTETWARY, INEEIHHT I, BELRFETDH 5,

S

ZOWMEDNAEIE, R. Ardon & Roberto Percacci & DILFEZE [1] IZL2HDTHD, 1
L [2, 3] LB EDL, INSOHFAMEEICEH#H LU FT, /2. ZOMEITEIE (C) No.
16K05331 DK% Z T TITbNTVWET,
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Special Grand Unification

L e
AR PESER Pk 114

Abstract

BORRIE U 72 Kife— 7 — D BEORHRH A BEAN OB A H D < RIE—HERIZ D W T O N &
L7z BWE$, ARFEEIEEIC R [0,0] KD WTWET.

1 ELC®IC

SR EHE PR | L BUAE £ C OISR EER THRR R AR T 2 L F — RO IZIF 2 T O HARE
REMFIEIZEBR LU TOWETHY, BHEMEIEE W T RV X — K T S 220 & 0 FARK 228
MMICEEBOLLEZONTVWET. INETITHLRIFIEIMfTbNTWEHHRE LTI, K
B, EFERGR, REOCHE G, ESKHERR B ITonET.

KE—T — VWM 2 Z 2 28T W< o0d o 92, —Hle LT, EEHRZOYE
Lo A= LT DT —=VBORBEOMAEOLEIZIFEH L TAS L, RELMIRTDH
1 INVETRENTFHIARELTVD, BE»U)y OBMAETLINTVS, LEh
SU(B)c & SU(2), DIAKBL L HIARRE L HR\, ZREPEERRO T — VB Gou(:=
SUBB)c x SU12), x U(l)y) & 5 IRt =2 VB SU5)gur BCHDAL L7 VIV D
F—UBOFRE%E SU(L) DREARE 10 & 5 IZHOIADEZ RSN TWET [B].
1z, 10 ¥RICIET ﬁsommmT®zt/w%ﬁ16 IETOEEHIGO I A —2 LT UM

HDAENG Z L BT REZ L L EbNET [, LRTRTOMIT 500 TRH D £
JoBIR L ¥ B —IBIE Gsn % Gaur CHBRAD 2 LICE ) HRICHMTES LSRR £ T

TNETREA BRI — VREE T DI BEA DTN HED < K — B AR S h Tk
¥ U7 BlRIE, WRGTIEZETIE SU(5) [3], SU(6) [6], SO10) [a], Ee [6] 7 — VS ; &
ST fﬁsounp]7 UMY B EASNTVET. TTICABLTVS S
WALV ETH, AR~ VHERTRUTO &> REMEATEHOTVET

Eg D SO(10) D SU(5) D Gsm. (1)

UD Ui, SOBHCIXERRR DR T < BRI HE GEERRBARE) £ H 0 £ 9 [3-10].
72720, WK EE S A EHIS A BEUN DA HOZ L TH 5. (M DOBEFR EARKITY —
FED LRI D FE L Rk A FE DO FRIA X ERE T 5. )

PAR Sec. B TR A EZ W2 KIE—HER 217\, Sec. B CimE L HE L ET.

2 RFIRKE—ER

%ﬁﬂaﬂﬁ HmA2ZEZ 28IV ODREVELRH D 2T 2 CIRKHER ﬁ‘b@j(jf
ORISR DOBI N SRRV BWE T 0], £9, EHFROBEZ T 2HAVREHEICE,
Sowmgsoumeuﬂkaameuﬂ2@%0,&Xw)®xabwﬁﬁ3zusoum
DAY/ IVEEL16 & 16 IZOfREINETA : 32416 ©16. — /5, 1IERI KR REE W
%Y, SO(32) D SU(16) x U(1) D SO(10) x U(1) D Gsm x U(1)2 THH, SO(32) DR k
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VKRB 32 13 SO(10) DAY/ I)VERBL16 & 16 IZ/3INET :32=16D16. IEEE LT
&, B% 723CET SO(32) ~T B BELHEER T SO(10) D A 2 VKRB OMEE % HEiRne
HHETH, TNOOHEMIFEMIHAFEZ T ZHVCWIRES W EmOHEEDH H, Hil
& SO32) HO—MEaTlEd Y FHA. TTITH 2] ITHWT SO32) F =V EHW
IR KA —PER COBBIMEE A R L TV ETDY, T TIETORAL RS (1] Tio 7z
SU(16) 77— V% AW - RRRHE — BERIC IRE U CRE 2 D 72 W e N £ 7,

9, %ﬁ&ﬁ@ﬁ&SUﬂ@DSOO@T@%%%%%%nb EDRELDEN SU(16)
FEEE KA —BRERIZ B W T ED K S 2B E 5k RTHAIZWERWET. SU(16) DIERRH
DEERAMMDREFRI R T 5 ORBIDFRIZ DWW TIESURR 0] 22U T ZX W, SU(16)
) —BEDORBLDFEFRH I HE SO(10) TORBDIRIIHIZIELATO L 51270 £9 [10] :

16 = (16), 16 = (16), 120 = (120), 120 = (120), 255 = (210) & (45),
5440 = (4125) & (1050) @ (54)(210) @ (1). (2)

3, PUKIE SU(16) 16 VANV T 2V I AV E SM 7z I AV ERAREET. RERS,
SO(10) D Gsm x U(1)x IZX LT,

16 =(3,2)(-1)(1) @ (3,1)(4)(1) @ (3,1)(=2)(=3)

Quark doublet Up—type quark Down—type quark

@ (1,2)(3)(=3) & (1,1)(=6)(1) & (1,1)(0)(5). 3)

Lepton doublet Charged lepton Neutrino

SU(16) 5440 HFE A 71 7 — D HZHAFHEIZ SU(16) % SO(10) (2N £ 9. ¥ 5, SU(16)
5440 £BF SO(10) 1 &L, SO(10) 210 KBLAH F —1F SU(16)/SO(10) M-I —IL ¥
Z bV (NG) E— FTT. WWRIE SU(16) 120 7 A )V 7 =)V I A Vid SUGAG) Dl 7z H2E T
A4 TNTEDD FHEA. BERS, SU(16) 120 £ILE SO(10) IO RN TERITT.

WIZHFEDIEN DR R — > 2R L £ [1]. SU(16) D Gy ~DENIZFIZ T v 72
WHCERINE T :

SU (16 — SO(10) — SU(B) — SUB)xSU2) xU(1).
( )(¢544o);£0 ( )(¢16>¢0 ( )<¢255>¢0 (3) (2) (1) (4)

7272U, SU(16) 5440, 16, 255 A% 5 —H SU(16) % Gsy ~DHNEF| ST,

PIZ, PUIRTE SU(n) B4 FV7 — VR T O R T RE OMHBRERMEICOVWTHTAET.
feii & BRI 72 B BE OIS [0 I2EPNTWE T, SUGB) KE—HHRTR < ﬂ]b
NTWD XS IZPWRIED SUB) (103 5) 7AA T o) IF 2D TWRGE T REERIZY D T
T :A10®5) =0; PWRTD SU6) (1502 % 6) 717 x)b I 7 > ORI EFRE X
EHTT. —HIC, RO SU) (252 @ (n—4) x B) 7447 =k 34 ¥ QPG

%Eﬁﬁuﬁu@?.:@:t#%,mmﬁ®SUu®(u0@ub&§)74»71»iﬁy
DIEYTL R R RE LT TS,

PUIRTTRE 22T D SU(16) Fiik K —Bliwmz Z XA THA XS (1. ZDHE, MWIRIG SU(16)
(12x 16 ©120) 7 AL 7 )b I F VIFUPRCO B REHB OB S BT H MED b £
A, UL, SU(16) BRIKIRIRE SO(10) 1IN 25825 X 5 &, 12 HROEMERERD
HATNT oV IAVHENEST. RVWAE LTI, SU(16) 120 iX#28E SO(10) O FT
FEHTHY, SO(10) 120 DTANT )V IAVIEAA TV TED Y A, TWRTHGRT
FEMAROBHEIRGR Y VI AV EREBHTERVLEZSNET.
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ANRTEA —E 7 =)V RI§%E M x T2 )Z, [11,12] TD SU(16) Kk A#E— B % £ 2 TH
E9 (0. 772U, ds? = e 200 (n,, dotde” + dv?) + dy?. BEEREDO D Zy 8) T 1 &
W(j=1,2,3,4) & P : (4,95 +y,0; +v) = (vu,y; —y,v; —0v) EEZSNET. HIZIE,
FNIRTE SU(16) 16 74V T7 )V I A VIINT 24— 7 5 — IV NERFMEFRD L5125 R
LNET :

164 (2, Y5 — y,vj —v) = 0 (—i0°T°) Pj16V16x (2, y; + y,v; + ). (5)

MFMEDIND SR =2 & UTIEA—E 7 4 —)U NEREAMT SU16) iRt D54 %2%
Z 5L, WRITLRZE & FRRIZ SU(16) D Gey ~DOBENIZHIZ X e v AR TR I E T ¢

SU(16) — SU(16 —  SO(10) — SU(B) — SU@B)xSU((2) xU(1).
(16) o SU( )<¢5440>¢0 ( )<¢q6>¢0 ( )<¢255>7&0 (3) (2) xU).  (6)

7272L, SU(16) 5440, 16, 255 A7 7 —H SU(16) % Gsy ~DiENZ 5 S Z 7.

IRIRTE SU (16) Rk R —EER DS OB EZ Z X TAET. 7 —VHERZRDO THS 2T —
V% Ay (M =0,1,2,3,5,6) BRBRETT. KIZ, ZHAROEHEERO 7 A —2 LT R UR
BEBDTARTDEDHA TV F 4 D7 234y WY BnEcd. &5, wFk
DWEND I X—=DBERDT &y (x = 5440,255,16) BHETY. F/NRTIEINAZT T
THRZDEETIE6D & 4DSU(16) DEFEELDH D, BIMOFENKLETY. T 5 DK
HLE T 5 LH 21 Table D DLOFEHAHNIXRNZ L2370 £

6D Bulk field Ay 049, v, vig vy
SU(16) 255 16 16 16 16
S0(5,1) 6 4, 4, 4_ 4

Orbifold BC () (F5) (F2) (2 1)

5D Brane ﬁeld (135440 @255 CI)16

SU(16) 5440 255 16 4D Brane field Vi35
S0O(4,1) 1 1 1 SU(16) 120
. + + + SL(2,C) (1/2,0)
Orbifold BC ( + ) < + > ( + ) Spacetime (y,v) (0,0)
Spacetime Y= y=20 y=20

Table 1: AWKIE SU(16) ¥k Ak —H 1 O R [1]

3 F&oH

BORERIE U 72 50k 2 8D 3A 7 SU(16)  SO(10) % FIWN 72 AIRTT SU(16) Rk Ak — B3R 0
B LUE LA, EEAKREL LT, ARGOEDTANTzVIAY 0l (a=1,2,3)
DY¥OE— R ARG A TV 7 )V I 4 VOEHRE BRES 5 SU(L6) 7 — VBED AR
TG L PIIRIE D BB L /NIRIT/NIV 7 EMIRGTE T L — > 7 2V I A I K DI NS ; Uik
FTDIXF v oA ATIVT )b I 4V FBENR.
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SO(32) Rk K —EEw 2] 1I22WVWT WL DhI AV FLET. SO(32) D SU(16) xU(1) D
SO(10)xU(1) & 25k, SO(32) DR FVEEL 32 1% SO(10) DAY/ VEHE 16 & 16 124
fREND, SHAROERGR 7 2L I A VIFARTEDEDTA N7 2V I AV U, (a=1,2,3)
DE¥BE—REAAES. 6D & 4D DT —YVDRFEFIZ6D NIV 2L 4D TL—rD 7 )b
IAVTHEING., WRGTEDZXVF v I8 hA IV 7 )b I 4 VIFBNR.

b, WM DOEHE RRIBAFEANDEN) IZDOVWT W DDA Ay &2 L ET.
b v 7 AR % N2 SU (n) ORFFRESEEAND EFEIFRME OBEAVIZSCHR [13] 72 & Tt X
NTW3. =Y 74— NEEREMZ AW RFMEDRN L LT, SU(n) D SO(n) Rk
DEE, Eg O Fy DR ERHSNT WS [1d]. JERFEOB N E Wz Es O Fy, G,

CANDENDEIS TV (5]
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Soryushiron Kenkyu

On bulk field propagator and Wilson loop in AdS/CFT
correspondence

H AR TR
= Hi G

1 ([EL®IC

ARG CIE AdS; xS 122 £ 1IB BUEERGHIGR & | IR PR ITIRZE ECE#R S Mm@tz
DFFD SU(N) XY »- IV XHER D O IGBIFRIZDOWT, 74 )by vb— THEHEFIEH
UCHEmMmEfT>7ze 253k [1] TR ZORIGIZBIT 57 1 VY VIb— T OffTIZ AdS RiZE % (%
W 2 EELE— NOMREZIMY ANS Z LT, MHEOEWKOMEFE? S DFL % HAM S F
ENREM I N T VWS, REHTEIOFEEZBN T HIT. ZOFEEBM - MEGEL. 5
WCERIES L2 HEE L T 5ADTIRERE 217 - 7,

2 AdS/CFTMIGET 1LY VIL—T

AdS;/CFTy xIii% AdSs x S5 1§22 o> T1B B AL R & S 2 DU T IR ZE | CRE 28 X v 7z B FR
Mz DD FED SU(N) #NFRY »- IV ZBER ORI O IGEIRTH 5, Z OXTIGEIGR T I3 %L
DFF DM E I A — )V [, & AdS5xS® REZED iR R DML, DF D R/ls . Y V-3
ZHBEIZBIT B N7 =7 MEATEEN & R/l, = \V* O XS 1cxIET 5, 72, EOMEMEMD
MBI g T —VBD T VI %5 X5 N & g, = NODEIIZHIET S, FESIhbkk%xt
JEBIERDSEBRITEL D LD T & R MRGET B BISEREER A & v - IOV XHER AT IR T 2 R E &
A GRS 20BN DD, Y - IVAHERMITIE, EFRE D & - O SR E X0 AH BB #K
EHEONRT A= N, NIHUTHECHETEZ580H 5, —FCEHERMOBRE L
Tk, BOMFH DS EVFHIREIND R/ls > 1 (A > 1) &\ S MRX5X DM HAEH % EEim
HZRS 2D TED g5 <1 WK N) EWVWHMREZ & 20EARHDH, TS ULMRIZEITLE
TR DFR T > TY v- IV AHGRMAI O FHHEFE R & i § 25N A I b T E T,

AdS/CFT iz BNWT T 1 VY Vb= TJHE T W(C) i 2B, £3° AdS 2D 5
FUTIFAE T BIOROTHZE iz, 28 H L TWAIL—7 C 2Hi<, RIZ AdS HENTZ DL —F
ko THERARMGEGAONIEORBMNE2EZ D, T5 & ZOKMEGRMNTORERS DM
Y-V ZHERMITDD 4 VY VIV — TORARHE E —3T 5 £\ 5 DAY AAS/CFT M DR T
HD,

/Cesstring = <W(C)>SYM

ZOMNIGE ETHRARZESITN BEPNDPKRERMBRIZE T 2B DVREAITDNTE D, B4
IR REER R o 72y 1 VY V=TI LT, ZOMRIZEWTEHE S - Bk A S &
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O v- IV ZHGR O EEEH O FHEAE RO — BRI N T WD, EEEITE T 5 mik i E O
222 U TR IR EOFE S &2 EHERIICEID &S 2 T 1/VAMIEZIND AN S50 70
NTW5 [2-[6], 72 1/VN BT BMIEL LTI (78] DFESBKEN, TO—5T, 1/N?
WIEZBRTIMEIDETVEATVRN, VALY VIL—TRREREBEREREOGEIIHEE
BRI THOMRDOIZD TV —r 2 HWE Z 2T 1/N2IZBT 5 @R aiE 2 oI ERm s 5 2
ENTELN, BERODBRNERHOY 4V VIV—TIZBT 5 1/N? #1EOWF5E X B HHE A
TWRWEEZX S, AdS/CFT XHRIZB I 57 4 VY Vb — THFE 1% #Eam U - 0 O B8 i
S TR /NP HIEZELD ANDFEP VL DRI N T VWD, ZITIEANEREVWEDLEL
T, HEOESVKOMARENILT « 2 7RO G M RELITH S HEAZ NV FADRNES N2 DT
H5HEERLTND, N\ DKE LM TIEEORMEED ZLO d IR EIAL, D F D SN A
HRN T 525 A5, UL UADPSTHEROEWEREOLE, HEZBU/NIL XS &35 &0
YRAMEATU ROV, SERINTIEBERZMEIC L > TR E D T« A7 ROMUNHTE 2G4 E - 7=
NYRIL (DFED KRS DOENELRDHE) PWMIEINZEDITHRDEVIHEMTH D, AdS FFZEN
TAY FUDERD F EMUNE 2 2 REPEIES 2 el 2ERT 5D DD AMMETIED
B, LHLADMS, UL [] TROSNT WS Y V- IV ZAHEGHRMOFHHEIERE RS2 A D
K E MR B 15 BEEIRIE 1/N2 BHOSIECIEL 2/ F VA RoTHBH, 202
MEATZNY RILEWS iz T R— L TWwa,

3 AdS;BRZEICHITDGOEMEEE DIV V=T

SCHR [1] TRAEATZZNY RIVORIRZR D FIEO—D & LT, ANV KL% AdS B2 % (5T
LEBENE— R EMBIRT 2 PENERSINT WD, AdS 2 ERT 2EENE— N0 itR
[ % [FIIRFIZ WV B 551 [1] BARTIZ 64T 9 28 [11] B W TiThbhTW\W5b, BEDFRLTIE, ¥
VoIV AHERMITTEE N DD 4 VY VL— T OB E E 2, HEEHM TR s L
THEN 7z — D DD % B MBI TR S vz, REZ AAS RPN D — 51 (21, 1) (22, T2)
O SLURDEWEBLAHw T WS,

1
G (21, %1; 20, @2) ~ WWJQFI (J, J - g,QJ -3, —4w) (1)

72720, oF1(a, By, t) (FHERMBEKE KT, £/2XF7A—X JIES® O KK E— NOfy@#)E%
#U, 28w WSEIRBEIE S D70 < D FEFE A FAWT w = 2122/((21 — 22)2 + (fl — .fg)Q) D>
WWEBINTWVWDS, T UEMEIERZTOEDLVDLDORIZBWTAEMISHEIN, Y1 LY v
V— THEE T L RAEE T O M OB L T AdS/CFT Mt D HEMREEE 5 2 T\
[13], 2 (1) OB Z M T 5124725 T, BN T OB O & . A THH
Uz—D D 1 VY Vb — T OIARHED T & DRIZIZZ O L OME S FET S, £TTD—
DHYEUT, Ua WY =Tl FamEE - OM OB Z M 2561206 DM
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BEANRESFOEEEFIL !
—Two quantization approaches based on the Bateman oscillator model—

A E— 2
HARFH TR E1REE5EH

1 Introduction

The Bateman oscillator model [1], or simply the Bateman model, has been investigated as
a Lagrangian model for the damped harmonic oscillator [2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. The
Bateman Lagrangian, which governs the Bateman model, in actuality describes a doubled system
consisting of the (uncoupled) damped and amplified harmonic oscillators. Nevertheless, the
Bateman model is widely recognized as a standard model for the damped harmonic oscillator,
because the Bateman Lagrangian yields the correct equation of motion of the damped harmonic
oscillator and has the desirable property that the Lagrangian itself does not explicitly depend
on time.

Canonical quantization of the Bateman model was first performed by Feshbach and Tikochin-
sky with the aid of the representation theory of the SU(1,1) Lie algebra [4]. They obtained
the eigenvalues of the Hamiltonian operator of the Bateman model and their corresponding
eigenvectors. These eigenvalues are necessarily complex numbers, and hence the corresponding
eigenstates (in the Schrédinger picture) turn out to be either decaying or growing states. Also,
it is seen that the real parts of the Hamiltonian eigenvalues, which can be identified as possible
values of energy of the system, are unbounded from below. From a purely dynamical point of
view, this will cause the problem of dynamical instability of the system if interactions are turned
on. After Feshbach and Tikochinsky performed the quantization of the Bateman model, their
results have been reconsidered in some different contexts [5, 6, 7, 8, 9, 10]. However, it seems
that the problem of unbounded-below energy spectrum has not been resolved yet.

In this study, we apply the imaginary-scaling quantization scheme developed by Bender and
Mannheim [12] and by Mostafazadeh [13] to the Bateman model to obtain the Hamiltonian
eigenvalues whose real parts are bounded from below. Before proceeding to the imaginary-
scaling quantization approach to the Bateman model, we first attempt to concisely reformulate
Feshbach-Tikochinsky’s quantization approach by exploiting a pseudo Bogoliubov transforma-
tion without invoking the SU(1,1) Lie algebra. After that, we consider the imaginary-scaling
quantization approach to the Bateman model by exploiting the combination of an imaginary-
scaling transformation and a homogeneous transformation. We will see that the two quantiza-

U OIS RREERIR, IR K O FEFTRIC D <.
2 E-mail: deguchi@phys.cst.nihon-u.ac.jp
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tion approaches are realized on an equal footing on the basis of different transformations of the
annihilation and creation operators.

2 Bateman model and its canonical quantization
The Bateman model is defined by the Lagrangian [1]
L:mdvy—i—%(xy—jcy)—k:ry, (2.1)

where x = x(t) and y = y(t) are real coordinate variables, being functions of time ¢, and m, ~,
and k are real positive constants. A dot over a variable denotes its derivative with respect to t.
From this Lagrangian, the Euler-Lagrange equation for y is derived as

ma +y& + kr =0, (2.2)
and similarly, the Euler-Lagrange equation for x is derived as
my—yy+ky=0. (2.3)

Equation (2.2) is precisely the classical equation of motion for the damped harmonic oscillator
of mass m, spring constant k, and damping constant 7. Equation (2.3) is the classical equation
of motion for the amplified harmonic oscillator whose amplitude exponentially grows with time
while the amplitude of the damped harmonic oscillator exponentially decays with time. We thus
see that the Bateman Lagrangian (2.1) describes a doubled system consisting of the (uncoupled)
damped and amplified harmonic oscillators.

Let us introduce the new variables [7, 11]

1
x1:=—=(x+y), x9:=

V2

with which the Lagrangian (2.1) can be written as

(z—y), (2.4)

Sl

k
L =2 (a1 - 43) - 2 (wrio — 1) — 5 (o} — 3). (2.5)

The momenta conjugate to 1 and xo are found to be

L ) ¥ oL . Y
= —_=—= —_ " —_—= = —_ — . 26
PLi= ge- = miLt pry,  pri= go = —midy = o1 (2.6)
The Hamiltonian is obtained by the Legendre transformation of L as follows:

1 L o Lo, 1 99

H=(—p*+> 2) o —p2 4z _ 2.
<2mp1+2mw x1> <2mp2+2mw 132> Qm($1p2+$2p1)a (7)
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where w = +/(k/m) — (v2/4m2). In this study, we treat only the underdamped-underamplified
case by assuming that w is real and positive.

Now, regarding the canonical variables z; and p; (i = 1,2) as Hermitian operators satisfying

.i.

x; = x; and p;r = p;, we perform the canonical quantization of the Bateman model by imposing

the commutation relations
[, pj] = ihé;; 1 (4,5 =1,2), all others =0, (2.8)

where 1 denotes the identity operator. In terms of the operators

T _ mw . 1 '
@i = \/ iy 2h w bt Voo TN 2 P (2.9)

[ai, a;r-] = 0;;1, all others =0, (2.10)

which satisfy

the Hamiltonian operator corresponding to the Hamiltonian (2.7) can be expressed as

H:Ho—i-Hl, (211)
with
Hy := hw (alal - a£a2> , (2.12a)
Dy
Hy = z% (alag — aia%) . (2.12b)

As can be readily seen, Hy and H; are Hermitian (with respect to the f-conjugation) and
commute. Adopting the naive vacuum state vector |0) specified by

a;|0) =0, (2.13)
we can construct the Fock basis vectors

1 P\ ()™
|1, 12) ::W(al) <a2) 0)  (ni=0,1,2,...). (2.14)

In this case, a; and a;r are identified as annihilation and creation operators, respectively. The
dual forms of Egs. (2.13) and (2.14) are given by

(0la} =0, (2.15)
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(1, ma 1= (0] (a1)™ (a2)"™. (2.16)

n1! ng!

Using Egs. (2.10), (2.13), and (2.15), and imposing the normalization condition (0|0) = 1, we
can show that

<m17m2|n1,n2> = 5m1n15m2n2 . (217)

Hence, it follows that the Fock basis vectors |n1,ng) have the positive squared-norm 1, and the
Fock space spanned by the orthonormal basis { |n1, n2>} is a positive-definite Hilbert space. In
this space, the completeness condition of the orthonormal basis reads

o> Innne){ni,na| = 1. (2.18)

n1=0n2=0

We see that the vectors |nq, ng) are eigenvectors of Hy but not eigenvectors of Hy, although H
and H; commute. In order to find the simultaneous eigenvectors of Hy and H;, which are of
course eigenvectors of H, we hereafter consider invertible transformations.

3 Feshbach-Tikochinsky’s quantization approach revisited
We first define the operators a; and Ezf by
a; = X a;e 0% at = eexajefex, (3.1)
where 6 is a complex parameter, and X is defined by
X =ajaz + a{ag . (3.2)

It is obvious that XT = X. The unitarity of e’X and its associated property (a;)" = Ezf hold only
when 6 is purely imaginary. From Eq. (2.11), we see that

[&i, &ﬁ] =9;;1, all others =0. (3.3)
Equation (3.1) can be written as
ap \ [ cosf —sinf a1 a{ _ cosf  sinf a]; (3.4)
&g ~ \_sinf  cosf ag ’ ay /] \ —sinf cosf as ) '
.i.

i
not the case unless the parameter 6 is purely imaginary.

The transformation (ai, a ) — ((‘1,;, df) looks like a Bogoliubov transformation, but actually it is
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Using Egs. (3.4) and (3.3), we can express the operators Hy and H; as follows:
Hy = Fw (Eﬁal - a§a2) , (3.5a)
h
H, = z2—7 {(alag - aﬁag) cos(26) + (afal +abay + ]1) sin(20)} : (3.5b)
m

Since our present purpose is to find the eigenvalues of H, we choose 6 in such a way that H;
takes the form of a linear combination of (_zjl;c_zl, Ezéc‘zg, and 1. Upon comparison with Feshbach-
Tikochinsky’s quantization approach, we set § = +x /4. Then H; becomes

Hfi) =+ h

LY _i_
ig (afal + abas + ]1) . (3.6)

The transformation (ai, az) — (Ezi, af) with 6 = £7/4 is hereafter referred to as a pseudo Bogoli-
ubov transformation, with the connotation that it is not unitary. Such a non-unitary transforma-
tion was also considered in Feshbach-Tikochinsky’s quantization approach based on the SU(1, 1)
Lie algebra. The Hermiticity of Hfi) with respect to the I-conjugation, i.e., (Hl(jt))i = Hl(i) is
valid under the conditions

= (3.7)

Clearly, Hy and X are Hermitian with respect to the {-conjugation.

The Hamiltonian operator (2.11) now reads H® = Hy + Hfi). With H®), the Heisenberg
equation for an implicitly time-dependent operator A(t) reads dA/dt = (ih)~*[ A, H (i)]. Using
the commutation relations in Eq. (3.3), we can solve the Heisenberg equations for a; and c’zj-L and
obtain

1 (0)6(7iwi/\)t , (t) i(o)ef(fiwi)\)t 7 (38&)
e

:
1 1
5(t) = aj(0)e” WV (3.8b)

l
—
—~
~
~—
I
l
Ql
I
Ql

as (t) — ELQ(Q)e(iwi)\)t ’

Ql

where A := 7/2m. By virtue of the conditions in Eq. (3.7), the f-conjugation relation (c‘zi(t))i =
&f(t) holds at an arbitrary time. As can be seen from Eq. (3.8), the {-conjugation involves
time reversal. This fact reminds us that in Feshbach-Tikochinsky’s quantization approach, the
time reverse, rather than the complex conjugate, is used to define an appropriate normalization

()

integral for a wave function. It is evident that the Hamiltonian operator H'*/ is independent of

time.
Next we define the new vectors

0) :=€?X[0), (0] == (0]e™"*, (3.9)
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which satisfy
a;|0) =0, (olai=0 (3.10)

owing to Egs. (2.13) and (2.15). Hence, |0)) and (0| are established as the vacuum state
vectors of the ((_Li, c_ﬁ)-system, and a; and c‘zli- turn out to be annihilation and creation operators,
respectively. In this system, we can construct the Fock basis vectors and their dual vectors as
follows:

) = s (al) " () 10D (el =

n1!ngy

L (ol@)m @), (311

n1! na!
They are related to the old basis vectors in Egs. (2.14) and (2.16) by
Iny, o) = e |ni,ng),  (n1,na| = (n1,ngle %, (3.12)
It is easily shown, using Eq. (2.17), that

<<m17 ma ‘ ni, nQ» - 5771177,1 5m2n2 . (313)

Hence, it follows that the Fock basis vectors |n1,n2)) also have the positive squared-norm 1, and
the Fock space spanned by the orthonormal basis { [nq, n2>>} is a positive-definite Hilbert space.
The completeness condition (2.18) leads to

>3 Innng){na,ne| = 1. (3.14)

n1=0mn9=0

We readily see that the vectors |ni,n2)) with § = +7/4 are simultaneous eigenvectors of Hy and

H fi) and satisfy the Hamiltonian eigenvalue equation

HO|ny, na)) = b [ng,na)) (3.15)
with
W), = hew(ny —ng) £ ihA(m +no +1). (3.16)

(£)

The Hamiltonian eigenvalues h,im are identical to those found earlier by Feshbach and Tikochin-
sky [4]. In this way, the pseudo Bogoliubov transformation makes it possible to solve the eigen-
value problem of the Hamiltonian operator H given in Eq. (2.11).

Let us now consider the Schrédinger equation

o d
i () = HIv(1)). (3.17)
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In order to solve this equation, we expand [(t)) in terms of the basis { |n1,n2)) } at t = 0 rather
than the basis { |n1, 7’L2>} at t = 0. Then, using Eq. (3.15), we obtain the particular solutions

065, (0) 1= exp (=ih(,t/h) [n1,n2)) o (3.18)

which specify the Hamiltonian eigenstates at the time ¢. The general solution of Eq. (3.17)
is given by | (1)) = ). cm,m\zp?&i)m (t)), with ¢, n, being complex constants. We see
that W?(l;)"z (t)> represent decaying states while Wﬁ:}nz (t)> represent growing states, regardless
of the possible values of n; and no. This result is due to the presence of the constant term
+ihA that remains in hgi)m even when n; =ng = 0. Since H is Hermitian with respect to
the f-conjugation, the dual Schrodinger equation for (¥(t)| reads d(i(t)|/dt = (—ih) ™1 {(y)(t)|H.

Expanding (¢(t)| in terms of the dual basis {{(ni,na|} at ¢ = 0, and using the eigenvalue

equation ((ny,no| HE) = h,(nf?nz {(n1,n2|, we have the particular solutions

<¢,<j;}m (t)( = exp (m;ﬂ;}nzt /h) (n1,m2] o - (3.19)

It is clear, by taking into account the condition (h%?m)i = h%?ng ensured by Eq. (3.7), that

Wﬁi)m (t)) and <¢Si)n2 (t)| are related to each other by the f-conjugation. Equation (3.13)
leads to ( %)mz (t){w,(ff,)nz (t)) = OminiOmans, which demonstrates that the squared-norm of

!1/},(51:7)@ (t)> does not change in time. A similar fact was also pointed out by Feshbach and
Tikochinsky [4].

4 Imaginary-scaling quantization approach

We define the operators a; and EL§ by

Y

a; = e?Yaze d? = €¢YaZTe—¢Y’ (4.1)

2
Y = —3 (a% - ag ) . (4.2)
It is obvious that YT = Y. The unitarity of e?¥ and its associated property (a;) = &? hold only

when ¢ is purely imaginary. We can express Y as Y = —i (d% — dgz) /2, from which we see that
Y is Hermitian with respect to the §-conjugation, i.e., Y8 =Y. Equation (2.11) leads to

[di, d?] =0;;1, all others =0. (4.3)
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From the definition of Y, we immediately see that
a1=a;, a =al. (4.4)

Thus it turns out that the transformation (ai,aj) — (di, d?
mation of (az, ag), provided that ¢ is purely imaginary and hence e®Y is unitary. From now on,

we rather choose ¢ to be the real value ¢ = w/2. Then, from Eq. (4.1), we have

Gy = —ial, @ = —iay. (4.5)

The transformation ((12, ag) — (dg, d§) = ( — z’a;, —iag) is precisely the imaginary-scaling trans-

) is essentially a squeeze transfor-

formation argued in Refs. [12, 13]. Since this transformation can be derived as a non-unitary
analog of the squeeze transformation, it can be said to be a pseudo squeeze transformation.
Next we define the operators a; and d? by

4 = eX2a;e X% (z? = exzéfefxz, (4.6)
where x is assumed to be a purely imaginary parameter satisfying ¥ = —x, and Z is defined
by

Z = alag + ala - (4.7)

Obviously, Z is Hermitian with respect to the §-conjugation. The unitarity of eX? with respect
to the §-conjugation and the §-conjugation relation (ai)§ = aff are ensured accordingly. Equation
(4.3) leads to

|:&i, (lﬂ = 0;;1, all others =0. (4.8)

The operators d; can be written as linear combinations of @; and do; similarly, the operators
§
i
is thus realized as a homogeneous transformation. Combining the expressions of the linear
combinations with Eqgs. (4.4) and (4.5), we obtain

ap \ cosh x isinh x ay EL§ [ coshy —isinhy aJ{
s )\ —sinhy —icoshy a% ’ ag ~ \_sinhxy —icoshy as |-

(4.9)

a? can be written as linear combinations of d(gi and EL%. The transformation (&i, EL?) — (ai, a?)

Now, using Eqs. (4.9) and (4.8), we can express the operators Hy and H; defined in Eq.
(2.12) as follows:

Hy =t (afan + aay + 1) (4.10a)
Hy = 2}% {(a§a2 - agal) cosh(2y) + (a?al - a§a2) sinh(QX)} . (4.10D)
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Our present purpose is to find the eigenvalues of H = Hy+H1 within the framework of imaginary-
scaling quantization. To this end, we choose x to be the imaginary value x = +im/4 so that
H; can take the form of a linear combination of a§a1 and agag. After setting x = +im/4, the

operator H; reduces to
aday — agaz) . (4.11)
(+) 7(£)

The Hermiticity of Efl with respect to the §-conjugation, i.e., (ﬁ{i))§ = H,™ is valid under
the conditions

S =—i, A¥=—n. (4.12)

It is obvious that Hy and Z are Hermitian with respect to the §-conjugation.
The Hamiltonian operator (2.11) now reads H® = Hy+H 1&). Correspondingly, the Heisen-
berg equation for an implicitly time-dependent operator A(t) reads dA/dt = (ih)~* [A, H(i)].

By using the commutation relations in Eq. (4.8), we can solve the Heisenberg equations for a;
§

and @;, obtaining

ay(t) = ag (0)e-wENt - 5h HO Rl (4.13a)
do(t) = ag(0)e TN a8 (1) = ad(0)e" (TN (4.13b)
with A := v/2m. By virtue of the conditions in Eq. (4.12), the §-conjugation relation (di(t))§ =

d? (t) holds at an arbitrary time. We see from Eq. (4.13) that just like the {-conjugation treated

in Sec. 3, the §-conjugation also involves time reversal. It is evident that the Hamiltonian

()

operator H®) is independent of time.

Let us define the new vectors
0) :=€®Y[0), (0] := (0]e™®", (4.14)
which satisfy

@;0) =0, (0l =0 (4.15)

a;|0) =0, (0lai=0. (4.16)

Hence, |0)) and ((0] are established as the vacuum state vectors common to both the (a;, d?)

and (a,, d?) systems. From Eqs. (4.15) and (4.16), it turns out that a; and a; are annihilation
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operators, while EL? and a§ are creation operators. In the (ai, a?)—system, we can construct the
Fock basis vectors and their dual vectors as follows:

. 1

|ni,ng)) == W(a?)m <5L§>n2\0))7 (n1,n2] := W

They are related to the old basis vectors in Egs. (2.14) and (2.16) by

(Ol(ar)™ (ag)™.  (4.17)

|n1,m9)) = exze¢y|n1, na), (n1,n2] = (nl,n2|6_¢ye_xz. (4.18)
It is easy to show by using Eq. (2.17) that

(m1,m2|n1,m2)) = dming Omans - (4.19)

From this, it follows that the Fock basis vectors |n1,ny)) have the positive squared-norm 1, and
the Fock space spanned by the orthonormal basis { [nq, ng))} is a positive-definite Hilbert space.
The completeness condition (2.18) now leads to

> I, ne))(na,ne| = 1. (4.20)

n1=0n2=0

We immediately see that the vectors |nj,ng)) with ¢ = 7/2 and x = +in/4 are simultaneous

eigenvectors of Hy and H. fi) and satisfy the Hamiltonian eigenvalue equation

A |ny, ny)) = ﬁ%f)m\m,nz)) (4.21)
with
R, = hw(ni +na + 1) £ ihA(n1 — ). (4.22)

This expression of the Hamiltonian eigenvalues is completely different from the one obtained
by Feshbach and Tikochinsky, namely Eq. (3.16). In fact, the eigenvalues of Hy, which are

given at present by Reﬁ%}ng = hw(ni +n2 + 1), are bounded from below, and therefore the

dynamical stability of the system is ensured. Also, Re k%)m include the vacuum state energy
fw. In this way, the combination of the imaginary-scaling transformation and a homogeneous
transformation makes it possible to solve the eigenvalue problem of the Hamiltonian operator
H given in Eq. (2.11), resolving the problem of dynamical instability encountered in Feshbach-
Tikochinsky’s quantization approach.

Now we recall the Schrédinger equation (3.17) and expand the state vector |1 (¢)) in terms of
the basis {|n1,n2))} at t = 0, instead of the basis { |n1,n2))} at ¢ = 0. Then, using Eq. (4.21),
we obtain the particular solutions of the Schrodinger equation,

|94, (8)) = exp (—ih{),t/h) [man)) o, (4.23)
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which specify the Hamiltonian eigenstates at the time t. The general solution is found to be
| E)(t)) = > niina ém,mwﬁ?m (t)), with &, n, being complex constants. We see that both
|1/3£1J1r)n2 (t)> and }1[17({)”2 (t)> can represent either of decaying or growing states depending on the
possible values of n; and ne. If ‘1/35:)”2 (t)> is the state vector of a decaying (growing) state, then
w,(;)nz (t)) is the state vector of a growing (decaying) state. It is remarkable that the state vec-
tors W%)nz (t)> with nq = no contain no v and represent stable states, because Im ﬁ%)nz vanish
when n1 = ng. Therefore, unlike Feshbach-Tikochinsky’s quantization approach, the imaginary-
scaling quantization approach allows to have stable states in addition to decaying states and
growing states. Recall here the dual Schrédinger equation d(i(t)|/dt = (—ih) ™ {(¢(t)|H. Ex-
panding (¢(¢)| in terms of the dual basis { (n1,n2| } at ¢ = 0, and using the eigenvalue equation

(n1,no| HF) = ﬁﬁfgm (n1,n2|, we have the particular solutions

<1L,<j;}n2 (t)) = exp (m;ﬂ;}mt /h) (1, 2] 1o (4.24)

Taking into account the condition (ﬁ%}nzf = lVL%)m ensured by Eq. (4.12), we see that

|@Z3,(1jf7)n2 (t)) and <77Zv)%’)n2 (t) ‘ are related to each other by the §-conjugation. Equation (4.19) leads
to <1/v)%) ma (1) WJ%)M (t)) = myniOmany, which implies that the squared-norm of W%)M (t)) does
not change in time. A similar result was also found in Sec 3.

5 Summary and discussion

We have investigated two quantization approaches to the Bateman model. One is Feshbach-
Tikochinsky’s quantization approach reformulated concisely without invoking the SU(1,1) Lie
algebra, and the other is the imaginary-scaling quantization approach. The former has been
developed by applying a pseudo Bogoliubov transformation to the Bateman model, while the
latter has been developed by applying the imaginary-scaling transformation and a homogeneous
transformation to the Bateman model. The two quantization approaches can thus be realized on
an equal footing on the basis of the different transformations of a; and a}. Also, we have pointed
out that the imaginary-scaling transformation can be said to be a pseudo squeeze transformation.

We have indeed solved the eigenvalue problem for the Hamiltonian operator H of the Bate-
man model. By means of the pseudo Bogoliubov transformation, we have simply derived the
Hamiltonian eigenvalues h%,)nz found earlier by Feshbach and Tikochinsky [4]. In addition, we
have derived the alternative Hamiltonian eigenvalues qu(f)nQ by employing the imaginary-scaling
quantization scheme [12, 13]. It has been seen that the real part of h%}m is proportional to
n1 — ng and the imaginary part is proportional to n; + ne 4+ 1. In contrast, the real part of
ﬁ%;nz is proportional to ny + ns 4+ 1 and the imaginary part is proportional to ny — ny. As has
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been clarified above, the eigenvalues 71%7)”2 are desirable than h%,)m from a purely dynamical

point of view because Reﬁ%}m are bounded from below. With hﬁ,f?m, we have obtained the

particular solutions of the Schrédinger equation as in Eq. (4.23). Then we have pointed out
that the particular solutions with n1 = no represent stable states. Such states do not appear in
Feshbach-Tikochinsky’s quantization approach. Also, the stable states cannot be understood at
the classical-mechanical level, because all the solutions of Eq. (2.2) represent damped oscilla-
tions and all the solutions of Eq. (2.3) represent amplified oscillations, provided that 4mk > ~2.
The emergence of the stable states might be viewed as a stabilization of the Bateman model
occurring at the quantum-mechanical level.
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