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1 Introduction

The PMNS framework for describing neutrino oscillations is characterized by three mixing an-
gles, two mass squared splittings, and a CP-violating phase, dcp. With the exception of the
latter, these parameters have already been measured to varying degrees of precision and impor-
tantly, have been determined to be non-zero (c.f. [1]). This fact makes it possible to study dcp
using oscillations of the form v, — v,, the so-called “appearance” channel, and its antineutrino
equivalent. Despite impressive progress in the experimental understanding of the PMNS ma-
trix there remain several open questions, of which neutrino CP violation is perhaps the most
sought after. Another, which has implications for the study of dcp, is the nature of the neutrino
mass hierarchy, that is whether the most electron-poor neutrino mass state is heavier (normal
hierarchy) or lighter (inverted hierarchy) than the other two.

Interestingly, the study of neutrino and antineutrino oscillations is a useful tool for ad-
dressing these questions. This presentation discusses resent results from the T2K (c.f. [2])
long-baseline accelerator neutrino experiment as well as atmospheric neutrino measurements at
Super-Kamiokande ([3]) using both neutrinos and antineutrino oscillations to study these topics.
In the original oral presentation the NOvA experiment was also discussed, however for brevity
the details are omitted here (c.f. [4]).

2 Accelerator Neutrinos

At the most fundamental level the existence of CP violation in neutrinos can be directly tested by
comparing the oscillations of neutrinos with their antiparticle counterparts. Accelerator-based
experiments offer the unique ability to create beams enriched primarily in either neutrinos or
antineutrinos, such that when directed towards a detector a suitable distance from the source,
their separate oscillations may be studied. Though there are several experimental complications,
such as the inability to produce a purely monoenergetic beam, uncertainties in the neutrino
(antineutrino) interaction cross sections, and uncertainties in the flux estimation, this is the
technique chosen by the T2K and NOvA experiments.

The neutrino production mechanism is straightforward and relies on the decay of charged
mesons produced in the interactions of protons with a nuclear target: p+ A — 77 + X —
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Figure 1: (Left) Oscillation probabilities for both neutrinos (solid) and antineutrinos (dashed)
at the T2K experiment. The curves have been drawn assuming a normal mass hierarchy and
sin?0;3 = 0.0219. (Right) Constraints from T2K on dcp assuming the normal (black) and
inverted mass hierarchy (red) using its first nine run periods. The curves are offset by the
hierarchy preference and vertical bars denote the 20 allowed regions. The CP-conserving values,
dcp = 7,0 are excluded at this confidence level.

pt 4+ v, + X. In this scheme the resulting beam is nearly pure in muonic neutrinos with a
small contamination from electron neutrinos produced by K meson decays. T2K uses 30 GeV/c
protons provided by the J-PARC facility and magnetic focusing horns to direct the mesons
towards the neutrino (far) detector, Super-Kamiokande (Super-K), prior to their decay. By
changing the direction of the horns’ magnetic fields either 7™ or m— are focused resulting in
a predominantly neutrino or antineutrino beam. However, the beam itself is directed 2.5° off-
axis to produce a sharp neutrino profile peaked at around 600 MeV at Super-K. The detector
is located 295 km downstream, which allows for the study of both v, — v; and v, — v,
oscillations driven predominantly by the atmospheric mass splitting Am§1 ~ 2.45 x 1073eV2.
Appearance oscillations are sensitive to the value of sin?#3 and d¢p. Figure 1 (left) shows the
expected oscillation probability for sin? 613 = 0.0219 and a few values of d¢p for both neutrinos
and antineutrinos. The opposing behavior of neutrino and antineutrinos as a function of dop
provides a strong constraint on this parameter.

Using data from its first nine run periods T2K has accumulated a total of 14.9 x 10?° protons
on target (POT) with a neutrino-enriched beam and 11.2 x 10 POT with an antineutrino-
enriched beam. It has observed 90 v, candidates and 9 7, candidates with an expectation of 80.7
(61.6) and 11.8 (13.4), respectively, assuming ocp = —m/2(0). While statistical uncertainties are
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the largest limiting factor in the measurement, T2K has nonetheless provided tight constraints
on this parameter as shown in the right panel of Figure 1. Note that the CP-conserving values
d0cp = m,0 are excluded at the 20 confidence level. T2K has additionally searched for evidence
of the antineutrino appearance mode v, — 7. using its 9 observed events in this channel.
At present the data are too few to make a definitive conclusion and provide a p-value for
rejecting the no-appearance hypothesis of only 0.233. Similarly the posterior probability for
the normal hierarchy is 88%, still to weak to be conclusive. In contrast to these though, T2K’s
disappearance measurements currently provide the most stringent constraints on the atmospheric
mixing parameters: sin®fy; = 0.536f8:8§é and Am§2 = 2.434 4+ 0.064 assuming the normal

hierarchy.

3 Atmospheric Neutrinos

W—m—m————————————————— 20—

| —— Inverted Hierarchy

15 [ —— Normal Hierarchy

—— Inverted Hierarchy

15 —— Normal Hierarchy

/

/
/)
/

\

Figure 2: Constraints on dop from Super-Kamiokande’s atmospheric neutrino data (left) and
that data combined with a model of the T2K experiment (right)[3]. In both cases the normal
hierarchy is favored with the preference indicated by the separation of the two curves. Here
sin® #;5 has been set to 0.0219.

Unlike accelerator neutrinos it is not possible to control the incoming flux of atmospheric
neutrinos and in general the latter contains both neutrinos and antineutrinos in roughly equal
proportion and both muonic and electronic species in a ratio of 2:1 below 10 GeV. However,
it is possible to study both dcp and the mass hierarchy with atmospheric neutrinos using the
same oscillation channels discussed above. The latter is made possible by the asymmetric and



Soryushiron Kenkyu

hierarchy-dependent effects of matter on neutrinos and antineutrinos traversing the earth. In-
deed, due to the presence of electrons (as opposed to positrons or muons) electron neutrinos
experience more forward scattering in the Earth than other neutrino species. This gives rise to
an effective potential which enhances only the neutrino ( antineutrino ) appearance probabil-
ity if the mass hierarchy is normal (inverted) for trajectories through the core of the Earth at
O(GeV) energies. It is possible to determine the mass hierarchy then by measuring the amount
of upward-going electron neutrino appearance given knowledge of the relative amount of neutri-
nos and antineutrinos in the flux or the ability to separate between the two. Similar statements
are true for dop but at energies below 1 GeV.

Figure 2 shows the result of an atmospheric neutrino oscillation analysis from Super-Kamiokande
following a 328 kiloton-year exposure of the detector. The left figure shows the constraint on
dcp for both hierarchy assumptions using atmospheric neutrinos alone. Similarly the right figure
shows the constraint when a model of the T2K experiment is fit together with the atmospheric
neutrino data. The T2K model is built entirely from publicly available data but uses only
6.57 x 10%° POT of neutrino running, considerably less than the data set described above. In
both analyses dcp &~ 37/2 is favored. The normal mass hierarchy is favored by between 81.9%
and 96.7% in the atmospheric neutrino-only analysis and by between 91.9% and 94.5% when
the T2K model. The ranges reflect the assumed values of the atmospheric mixing parameters
used in the calculation [3].

4 Conclusion

Though much progress has been made in recent years, the questions of neutrino CP violation and
the nature of the mass hierarchy remain unresolved. At present world data favor dcp ~ —m/2
and the normal hierarchy. However, more data comparing neutrinos and antineutrinos is needed
to reach a definitive conclusion.
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Generalized Pauli-Gursey transformation and Majorana
neutrinos

Kazuo Fujikawa

Interdisciplinary Theoretical and Mathematical Sciences Program,
RIKEN, Wako 351-0198, Japan

Abstract

A proposal and application of generalized Pauli-Gursey transformation is discussed.

1  Seesaw model of neutrinos
A general seesaw model of neutrinos is defined by

L = vr(x)ivFouvr(x) + Ur(x)iv"Ouvr(x)
— v(x)mprr(z) — (1/2)vi (2)Cmpvy(z)
— (1/2)vE(x)Cmgrr(z) + h.c. (1)
where mp is a 3 x 3 complex Dirac mass matrix, and my, and mp are 3 x 3 symmetric complex

Majorana mass matrices. This Lagrangian is left-right asymmetric and thus breaks P and also
C if CP is good. We write the mass term as

(—2) Lonass = ( R Vg ) ( R ) < Vi > +he., 2)

mp  mr, vy,
where we defined
Ve =cogRt, V§ =crt. (3)

We diagonalize the complex symmetric mass matrix using a 6 x 6 unitary matrix (Autonne-Takagi
factorization 1)

mr m M 0
U e JU=1 0 , (4)
mp  mp, 0 —DM
1One may start with the bi-unitary transformation V' m? e = M, 0 which is written
mp mr 0 — M-

as UT m? D) e ! 0 using the symmetric property of the mass matrix. This implies
mp mr 0 —M>

VT = UT which is shown to be the case with a more detailed analysis.
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where M; and Ms are 3 x 3 real diagonal matrices, which can be chosen to be the same as

characteristic values.
We thus have

Dem = (7 7)) (50 S0 ) () +he. o)

where we defined
C ~C ~
()=o) C)-o () ©
vy, vy, Vh Uy

The fundamental condition,

7 =Cig', 5 =Cop" (7)
which is essential to define a canonical transformation, is satisfied. Note that this fundamental
condition is not generally satisfied by the usual bi-unitary transformation.

2 Generalized Pauli-Gursey transformation

For any U(6) matrix, we define the generalized Pauli-Gursey transformation [2, 3]

(i )-v(m) ()= () ©

which mixes fermions and antifermions and thus changes the definitions of the vacuum and C
and CP. The fundamental condition

¢ =Cig', 5 =Coy, (9)

which is essential to define a canonical transformation, is satisfied.

Using a suitable U, we have

L = vp(x)i Pop(x)+ vr(x)i Jogr(x)
— (1/2){pEC MR — 0T C Mo} + h.c., (10)

which is written as

L= (2 @)i P (@) + ()i Po_(2)}
— (2@ Mty + T My} (11)

11
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where
by(z) =R+ 07, V_(x) =g —Uf.

These satisfy the classical Mojorana conditions

T

Cir(@) =vi(a), Co_(x) =—p_(a).

Puzzling aspects:

L = v(x)i pop(x) + vr(z)i PoR(z)
— (1/2{#hC MR — 7} CMopp} + hec.,

is not invariant under C and P symmetries

~ ~ —T
C : vpp(z)— VﬁR(aj) =Cig (x),
P i ipg(x) = i iR L(t,—T), Ufgp(x) = iy DR (8, —F),

——T
cpP : DLrR(lﬁ — T70(75L7R(t,—ﬂf)
but is expressed in terms of Majorana fermions

L = (1/2){¢+(2)i Pi(@) + ¢ (2)i P (2)}
— (/2) {4 Migpy + Moy}

A resolution:

A further 6 x 6 real orthogonal generalized Pauli-Gursey transformation O,

~C C ~
(5)=olh) ()=o)

with

We thus have (Bogoliubov quasi-particle)
L = (1/2){N(x)i N(z) + N(x)i INC(x)}
- (1/4) (M1+M2)N + NO(M; + M)N}
— (1/4)[N(M; — My)N® + NC(M; — My)N]

(N(z)
(N

12
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which is invariant under the C, P and CP,

C : N(z) < Naz)=CN (2),
P : N(z) = i°N(t,—%), NYx)— "Nt -7),
CP : N(z)— "Nt —7), NYx)— ir"N(t,—7). (20)

By a renaming of variables

1
Vi (z) = E(N(iﬂ) + N€(2)),
1
Y (z) = E(N(:E) — N%(x)), (21)

we obtain the Majorana fermions in a logically consistent manner

L = (1/2){d(x)i P (x) + ()i PP—(z)}
— (1/2){tb4 Mrtpy +p_Mayp_}. (22)
This is analogous to “Bogoliubov transformation” and the C-breaking term corresponds to the

condensation term in the BCS theory.

3 Conclusion

Even though the idea of the seesaw model is very old, but some interesting fundamental issue
is still there [3].
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o T—ININWRNZTUICBITEHDIRENE— RDFESICDWT

HAR B T
=i

1 BA

— VHG & & EER O BNk 2 B RAFAET 5, 95 U2 n MR ISELEERIC B T
2R DRI OAIED T L o TWB EF X 6NE, FIZIEEDOY ) VXA —RALT I T A
R DR e BEZ B Z L EHRETH DM, BD I V=T XA T I LERTHILHTE
e UMURDS, T LRI ERTORK L BAO B2 Tldr — Vi & E MR
DO OMIGEREZHETERVWI LIZHONTH S, EBIZZNFTIZH SN T WA RIGIE, H#l

ZAXT — VR D 't Hooft MifRIZH 1T 5 1/N RO FEH & HILE RO B OXIRNEFETH D,
F=VBD 1 V—T XA T T T LHPEMTEIEGRMOYIEIIFIGT 5L WD Z &idimn, L
Do THEKHLERIZ B 1) 25K & FHRL D BURMEIZ D W T — VB RE 2 BT 5 720121, &
VU R=RZAT 7T LT THRL, HEOLZELN—-TOFLEL2EZBTINELH DI DD 5,
KBS E (L, 2] Tlk, ZELV—T2 U EWF5 22 TD3 7V — Vil EEid 255025 U
ThHIEDOAT —VAEENEL D ZEDERHINTED, ZOAT—IVAERIZEDINTT —
VEONINEBERET S A REINTWS, AT [3, 4] TE, o 7=V EHAMITONTZ
Kok — V&M D T T, D3 7L — > RIZHimi 2 R DB DL EIL — TOMER A -7z I )L b
=7 vERBERT IMEN RIS NI, o 7= LIk, T — % & BRI U o R R & 22
JEFE R ANBEZ 55D THL, MFZDOFIEOELMIZEAL CIE 2 IliEinz T50ERH 5 &
BEZTWEN, ZEILV—TORL L2415 20 ELNARGHMEIZREREKRES, 22 THS
NNV DT T R RED -V EF ATV D, A TIEFX [3, 4] Tfm%émt o
F=VIETAL Y a—k, ZOTF=VILHETAMEDOREERIT o2, ZOREETIIFEHEON
REMRIZEFED S,

2 D3TJL—rEBRRERETORONII M=

FTHMX[3) TIED3 7LV —VERFEIZBIZEDNINV =T VR o 7=V Tl LT3,
9. D3 TV —rERBEOHEZUTDO LS IZEL,

ds?y = (dzdx™ + |dZ)?) + v/ Hs|dij)?

1
VH;3
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7272U, o/ =2 UTH3 IZBLFD L DT e 5,

167N

gt

CITEHEEBONMT =V at =7 DFTNAIN T VBEELZHET L RANESND,

Hjz = 1'+'gst

1/, 1, 1 .
Hm=50mﬁ+ﬁymhjng+W?):Hm+%(~)+ﬁ(m)+~- 1)

72720, RADHHEADTZDITNIN ST VEE Hy o &L §gIId 2 &E T p,. p, (4
DR TFZIRIN L TE Wz, Haay (T FHRFEIZB IS 2EONIN N=T VEETHD, Hy %245
RHZED 70, gy (BT 2 EIITERITHEK, — . M (3] CHMmEIhizo X' —YDNIL b
ST VBT D L SIT gy iICBETAEBMN 1 IRTIEE S,

71 ~ 12 S 12 =112 -2\ _ 8N /1 9 /(2
Hg—2@Mm\+@ﬂ4ﬂx\+HwM>—4mM+%qaz@h\+w,) (2)
b L T I T & 22k 2 AR 72 2 212 & B,

3 ZAYy NEEFV

X (1) PR (2) DIV =T VI, BKITHT D D3 7L — v D58 % 8 ) PG O o R & F
CEBHNIZFHE L 726 D TH D EF A D, X [3,4] TED3 TV — v OREEZKDOEREML L
THY ANB RN TN T WD, BEDNMES — I Tld. LS SMEL 72 D k56T 2 HEEH
IR BICERN R A Y v ERFAT S TR EIND, HKOSLEN-TEELXA TS
T L TIEHFRE FICEBO A v A INS, ZNS5DAY Yy MED 7L — Izl iz
BB DEER 2R L TH D, D7V —VIZii> 7= DR L ER T 2 f MO EEIZNH L TENE
N A UBEREMEE T2V 2 VBIRSGMIGRE NG, e — T TIEA Y v MR O 22 [
HENZRAES 203 o 7 — ¥ TR E O 22/ 1\ & K SR AN D 5720, #x [3, 4] TlE
2Dy MIREAFIZEET 22D LTHbONTWS, /2, KX —2 Tk (A Yy FDA-
72) YVVR=RAT T T LEBEZTVEN, o T —=VIilBobZZIDXRAT 77 LEHK
DEME UTHZ 3, BiZIEAY Y MR O 2 CREHBEDNIN =T Y Hyy 12L& 5T
ET 570, 2y hOFELZERTHET 2V & EQ L, ROERIIHT2E2EL—TDHES
DHFLLTFTDO LS ITH5EZ 65,

e_HﬂatTfi +gst/dTle_ﬁﬂatTflve_HﬂatTli +g§t/dTldee—HﬂatTmf/e—ﬁﬂaﬂmf/e—ﬁﬁatﬁi 4.
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772U, IRIE L MR B 1T B M DIFHEEE 7 &2 730 70 L UL Top = Ta —Tp EF Wz, TD
FUIIEBEB DI E L £57-0, D3 TV — Y OFEEZ I TERT 350N I NV =T > Hps
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ZDBEZHTHEo T =V TDONINKIZT U gy D—IRTILE A Z & EPNS,
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trbmcyﬁa‘é@hé%*ﬁ@ﬁ/f’éui%vhéo BARLZDDIEAY v b O T O 22 [H B o D
B (0=0) 2BV, |o| < og DFEBIZAY v FHFEASINAIGADEET Vo TH O, TFD
ﬂ%’é%i%%éo
Vo) o £(o0) exp[ > N el ait|0) (3)
tﬁbuﬂmu%%@@@xﬂ@7—U1%~Pm®$&ﬁ%¥fﬁéo%iir:Lzﬁz
Uy hEIREARANE EHOKERL, (0) 3E4DKOWERERT al, (m+0) THx 53Rk
FEELTEHINT VS, £72, 0E— FICBLCRERRERAMSNTE D, off ) IEH RO
ETEEMISNT WS, )y MEEFV IRV ORMiEE2 TS LAbDE R L BT &
20 NIA=R o ICEALTHRNZT 5 TROoNDS, A (3) DEAE f(0g) 1& 09 IR DEAT
FSC[3] TR FAVOIRIEERFHET S Z LT fog) x 1/sindog ERD SN TWVWB, FiEK
5y DRI Nt (00) V& FEIE || < 00 CIREADIEMSEREM (T4 ) 2 VRSG5
T UBREME) T LI, MR o] > 00 TIREADKIHEBIIZORA D LS ITED
SNTWB, Bk7aRAXRL[3, 4 22HUTHE 2\,

4 RYv MEICET %R

20y MEET VAV MECET MO D TERINE A, FHZ A v MED/N S 2248
NDODHFENDI TV —r ko2 ET 2 MEROENE—NOFG 20 LHIffTE5, 2
DI, W3, 4] TER (3) D N (00) % 09 D 2 RETEBIL. 135 M7= 5E54T 5\ T A4 R
BT R IE OB RIC AN X, A (2) THONE gq D L IROEIE SN Z EWHERS
TW5, fX[3] TIERY VL EFK->TWA72H, D3 TL—2 oM EHRT 223420
WREIZ & O R BRIEDPFAET B, — T THX [4] TIRBNFEZ FO5kis i U Tt 2470, 2
NODRPBENH RN EDHERINT WS, 25 LB o 75— 05 T AN IEH 18
BT Iz D02 5EATVWEEEX SN,
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Sk, RY VEREOBEIZR (3) D Ny (00) % 0o KL T4RETREMLE, R (3) D
HEHD (floo) ZBR<EHS) T/ AV AMDAEECHTORERM%ZLIFIZFHT,

2 4

B2 S0 (= Sl Il = 5l ()
P W3R (2) LRBRIZ /A < 2 B DD IERE F(o) 120 S 5 B & p.(0) KU, T T4 Ll
5 () 3R OEMEE o BT M ERT, 27700 Vo) TEATWSAY v hOduLfE
BAoc=0THdILIZNELT, HEFIEIETo=0ICHAINTVD, ZNS5DHIZT 1 Y
7 VIRREM 2T M OFE G EABE f(oo) 2T T oo MAPEETL, PMIEZT S L
EEDERULDIT, 5IZF4 V2V EAOO0E— RIZEL CRESEERRDL S EEERIZEX
BV IR RBE L 7D, TS DTS BEOREE U, 22 TEA (4) DHIZOWTAL
FEUT\, RO 0IRE 2RIFHH (3, 4] THMTE N/ DTH Y, BAKIZIZINSDHIZD
TV—V DM E R XAV EMERE—FPEMT L2 L THELULZHTH D, 72720, P, &l
X[BDp—k EHARTHT 27 I EHEEZEZATH S, BUHMESZR LM ClEIh s OED
K (2) D gy D—KDEEGZ 5, X [3] CHREEINAZLISCRNA) »5b, of DEH®D F,2 K
(2 Dp2 2522 LIFRTENS, D o HIED3 7L — v e EOMEERT 2HERE—F
DHFEGTHD LI NS, ZNODHO—DORME LT, BEMAZ2EL I BB IT5N5,
o =YD RTAY Y MEETHPIEFAREEZEFDZ &%, 0o BT 2B ERIZIERAT
Va LD S 2L 2EBETHE. INSDERBAEIRENLDIXARLRERTHD LEX
LNb, 2O UL7-EBEMAaDENZ =7y NEMOEEREE— NOFBEPSB/BLNENE S0
ERTLOFERENSGAETH D EES, £/, T TOMITIERY VB ER->7-H DT
HDM, X [3, 4] OIRITIZ & B & BNFMEEZ AN EICIEAEENF v VLT 5 EDE 5
FAERMGESND Z RN Do TWD D, BIKIZE D WA 2175 BELRDH D, Th s O
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1 Introduction

This talk is based on the work [1].
One of the long-standing problem in theoretical physics is the formulation of quantum gravity.
There are several points to be understood.

e If the spacetime metric itself is whole dynamical quantity, there is no notion of spacetime,
distance etc. and it is quite difficult how to “quantize” the theory. This most probably
requires background field formalism.

e Einstein theory is non-renormalizable. Is it only a low-energy effective theory?

e Higher-order terms always appear in quantum theory, e.g. both quantized Einstein and
string theories, so we have to understand how to deal with these.

e In 4D, quadratic (higher derivative) theory is renormalizable [2]! Does this give possible
UV completion? But it is non-unitary! Is there no way out?

It seems that the only possible way to make sense of the quantum effects in gravity within
the framework of field theory is the asymptotic safety.

2 Asymptotic safety and Wilsonian action

We use effective action describing physical phenomenon at a momentum scale k, which is ob-
tained by integrating out all fluctuations of the fields with momenta larger than k. This is
called effective average action I'y. Note that I'g is the well-known effective action. Here k may
be understood as the lower limit of the functional integration (the infrared cutoff).

The effective average action is divergent itself. The dependence of the effective average action
on k gives the Wilsonian RG flow, and the important fact is that it is free from any divergence,
giving finite quantum theory.

2 —1
kORT () = ~tr [(”’“ + Rk> kO Ry | (1)

2 0PAPB

where Ry is the cutoff function. This is called the exact renormalization group equation or
functional renormalization group equation (FRGE).
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e FRGE gives flow of the effective action in the theory
space defined by suitable bases O;.

Ty = gi(k)0;,

PTe _N~pp g - i
W - Zi:ﬂzoz Bz - dt (1)

e We can set initial conditions at some point and then
flow to k — oo. Figure 1: RG flow

There are two possible behaviors for £ — oo.
e Couplings go to infinity: This leads to failure as quantum theory (Landau pole in QED).
e Couplings do not go to infinity: Here are further two possibilities.

— Couplings go to fixed points (FPs): If all couplings go to finite FPs, physical quantities
are well defined, giving the UV complete theory. This is called Asymptotic safety.

— The behavior becomes ergotic or limit cycle. This case is rare and is not considered.

Starting from suitable initial condition, we integrate it down to k — 0, which gives full quantum
effective action, from which we can obtain correlation functions! The theories on the same
trajectory belong to the same universality class. Namely the trajectories with the same FP
make a surface, called critical surface of dimension given by the number of relevant operators.

In the ideal case, we also require that the number of relevant operators (only which are
retained) are finite, leading to predictability Note that in perturbation with Gaussian fixed
point, the relevant operators are precisely renormalizable interactions.

We can define quantum theory if we can define nonperturbative RG flow and the couplings
approach a fixed point in the ultraviolet energy [3], nonperturbative renomalizability. There is
accumulating evidence (up to 34th order in R) that there are always nontrivial fixed points.
This means that the asymptotic safety program may be the right direction.

1 Parametrization dependence

There remain important problem of what is the dimension of critical surface? In the con-
text of f(R) gravity, there exist papers which argue that there are THREE relevant operators
(A, R, R?) [4] with linear split of the metric:

Juv = Guv + h,uz/ (2)
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Another result is that there are TWO relevant operators [5] with exponential split defined by
i h
Guv = Gup(€")"y (3)
We can study the problem with more general parametrization dependence.
— — P Ly _ af 1 2 2
Guv = Guv + Py + mGuh + why,h?, + mhhy, +m | w — 5 Guwh™ hag + §m Guh” . (4)

w = 0 corresponds to linear expansion of metric, w = 1/2 to exponential expansion and w = 1
to linear expansion of the inverse metric. We study f(R) gravity with gauge-fixing

Z _ B+1_
S = /dda:\/gf(R) + 2—2 /ddaz VG(Vah®, — ﬁ%vuw
+/dda: Vet [@WQ + <1 - 21+d5> Vu V" + 55;] Cy (5)

2 Results

We find mysterious symmetry which we call duality: In any dimension, for any value of A and
in any gauge, the determinant of the Hessian is invariant under

@m) = (1-w-m=3) (6)

We study the fixed points in the theory -2

f(R) = ZgAk)PJ (7)

-2in the gauge a = 0 and 8 = oco. (We also considered 8 = 0 but the result does not change
much.)

IN = 2: We find w-dependence of the fixed points for the truncation N = 2. We find three
relevant directions for 0 < w < 0.5 whereas only two relevant directions for 0.5 < w < 1. It is
not possible to continuously deform a fixed point for different values of w at N = 2 order.

IN = 3: We again find three relevant directions for 0 < w < 0.5 whereas only two relevant
directions for 0.5 < w < 1.

We have studied the problem up to N = 6 and obtained similar behavior. Thus it is always
true that we find three relevant operators for small w, but only two for larger w.

It is a serious problem that the number of critical dimension, important physical quantity,
changes slightly depending on the choice of parametrization. Which parametrization should we
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choose? There is also some scheme dependence on regularization: whether we regularize the
determinant from path integral after cancellation of some factors or not. These are still open
important questions.

Whether other tensor structures are relevant or not is unsolved. Perturbative renormaliz-
ability suggests that wa is also needed. However a surprise is that Ref. [6] studies this problem
on Einstein space, keeping RWPAQ and concludes that there are only 3 relevant operators, the
same as f(R) theory. But definite conclusion can be obtained only on general background! The
reason is that in 4D, R/prQ can be transformed into RW2 and R? by GB theorem, and RW2 is
reduced to R? on Einstein space.

3 Conclusions

We have studied a functional renormalization group equation for a general class of parametrizaion
of the metric. There are ultraviolet fixed points essential for Asymptotic Safety in all theories
studied so far whatever the choice of parametrization. We find that the critical UV surface may
be two- or three-dimensional, but the result seems to change depending on the parametrization.
Though this casts a doubt on the determination of the critical surface, it is natural to keep
relevant operators as many as possible. There exists indication that the gauge-dependence is
minimal for the exponential parametrization, so this might be a good choice. Another interesting
fact is that there exists a new duality in the general theory.

There are still several important questions like 1) extending the analysis to more general
theory (extend the theory space and general backgrounds). 2) what is the physical meaning of
the duality.

Acknowledgment: This work was supported in part by the JSPS Grants-in-Aid for Scien-
tific Research (C) No. 16K05331.
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BPS Solitons and Quantum Mechanics
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Satoshi Ohya

The purpose of this article is to report a simple model of one-dimensional quantum mechanics
in which the Berry’s connection and the matrix elements of the position operator give the BPS
solutions of four-dimensional SU(2) Yang-Mills-Higgs theory [1].

To begin with, let us consider a free spinless particle on a circle of circumference 2¢. The
Schrodinger equation for such a particle is given by

—¢(z) = Ex(x), (1)

where x ranges from —¢/2 to 3¢/2. (Throughout the article we work in the units i =2m = 1.)
Since nothing special happens in this system, let us further consider the situation in which the
particle is subject to point-like interactions. As is well-known, the point-like interactions are all
described by the U(2) family of connection conditions for wavefunction [2]. In this article we
shall consider the point-like interactions located at © = £¢/2 and focus on the following SU(2)
subfamily of connection conditions:

l
1+ —iwv(l—-U)pp=0 at m::I:E, (2)
where U € SU(2) and v is an arbitrary reference mass scale. Here 1 stands for the following
two-component vector-valued function:

(z) = (Wﬁ(j”)x)) L <<l 3)

Notice that, in terms of this vector-valued function, the Schrodinger equation (1) can be rewritten
into the vector equation —v"(z) = Ev(x).

Now it is a straightforward exercise to solve the Schrodinger equation —)” = E1) under the
connection conditions (2). By solving this problem, one can easily show that the ground state of
this model is doubly degenerate. Indeed, under the parameterization U = eio‘e+eﬁr + efme_ei,
where {e;,e_} is a set of orthonormal two-component vectors, the normalized ground-state

energy eigenfunctions {14, 1_} turn out to be of the following forms:

exp (+v(a)z) ey, (4)
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where v(a) = vtan(a/2). Note that the ground-state energy is Ey = —v(a)?.

2

Now, quite interestingly, the ground-state sector of this simple model knows the BPS solu-

tions

of four-dimensional SU(2) Yang-Mills-Higgs theory:

Berry’s connection = BPS monopole
Let us first consider the Berry’s connection in the ground-state sector:

0/2
Agp = / dzpl(z)dpy(z), a,be {+,-}, (5)
—¢/2
where d stands for the exterior derivative in the parameter space SU(2) = S3. It should
be noted that, under the unitary change of the basis 1, — 1, = ¥pgpe, where g = (gap) €
SU(2), the Berry’s connection (5) indeed transforms as a connection:

A A=glAg+igldg. (6)

t -
By choosing g = <ET+ ), one can show that the Berry’s connection A takes the following
el

form [1]:
- Tj o or
L L I 7
Ciski2 g < sinh(vr)) v 9

where @ = (1,22, 23) and r are certain local coordinates of the parameter space. Eq. (6)
is nothing but the BPS 't Hooft-Polyakov monopole solution of SU(2) Yang-Mills-Higgs
theory [3].

Matrix elements of position operator = adjoint Higgs field
Let us next consider the following matrix elements of the position operator in the ground-
state sector:

£/2
D, = E/ d:m,ZJJr Yxpy(x), a,b e {+,—}, (8)

0/2

which, under the unitary change of the basis v, — ’lLa = Ypgpa, transforms as an adjoint
Higgs field

D d = gldyg. (9)

t -
Again by choosing g = (e;* >, one can show that ® takes the following form [1]:
e_

b=yt <coth(vr) - 1) . (10)

i
r 2 ur
This is the well-known BPS solution of Higgs field in SU(2) Yang-Mills-Higgs theory [3].
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To summarize, we have constructed a simple quantum-mechanical model where the Berry’s
connection becomes the 't Hooft-Polyakov monopole and the matrix elements of the position
operator becomes the adjoint Higgs field, both of which saturate the BPS bound and give the
classical solutions of SU(2) Yang-Mills-Higgs theory. It would be interesting to investigate
other quantum-mechanical models which enjoy spectral degeneracy and realize BPS solutions.
Generalizations to other gauge groups would also be interesting.
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Wess-Zumino #8455 5574 Ty b 70—ARR

HERRE SRR A 1124
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1 5574y b70—ABRKEBYFMIESR

JIT7 4Ly b T7a—DFELIE 2010 4, Martin Luscher (1] IZ &> TRIBE Nz, 7=V
DETMOFEREMZ 2 H =B THZ, 77712 b7 —HREAC T —FHOILBARER
Thb, TOTHEZ NS 70 —OMBBEBIL. RETAEVIAABLUIZARIZRS, LDEA
WHNZIE, 7a—ARRXOWENt 2 5 2 2 HAOMROM D IAAE —~ET>oTHITIX, 70—
S OB ZE N, ED Z factor # D IAACEGEHE TR D AAIEUIZ, BB EBEAR R A
EFTE 5, Luscher 1 Z N % 47kt SUN)Yang-Mills HGRIZBWT 1 V=T DA — X —T/RL,
%12 Weisz & SLIZEHFHROA — VA — X —THR OO Z & 22 L 7= 2]

M7 o7y b 7u—2@uMEERICEHTMEEZIT>TCE, V9T 4TV N7
O—HERZ I BN RRICEEHTES X512, —Bibasnzro5cxzr b 7o—HER
ZRIBL (3. ZOAZ 40T, N =1, SUN) @XFR Yang-Mills BEwIZ#EH 9§ % 2 & T, B
My — o2 E o 7o — GRBRRE#EK LUz, £/, 70— HERXPMEHOEMZ 25T ¢
IVMTEZONLWEGICELTH ZOMEAEZRIBL., d =2, X ON) S 7~
BRIz 5 70— HRER 257 (4],

AFE T, B FREERO T THRIZ 4 k5T, N = 1, Wess-Zumino #HD 75 571 >
Ta—IZEH Uz, ZOMRIZ, AR5 =58 7 oV I A VIGHHH BT b Bkl PR
MThh, £7/2. A—R—=KT VI Y VPR THIEZZIT 0 E 0D FERE D IAAREIAEL D V7D,

TIFATY N7 R—DHEICLBEWT, ¢ HiizEZ2 5L &, MEEHOA-ZTI7F 1TV
F7u—AREAEEHLTEH, BT BRI RV 225N T WS [5], — /T, Wess-Zumino
R CHIBNS 2 0 U2 £ Ok o EER O EMEM L W U OE A2 FiL, TOAMRMEEFARS Z 21X
QrHERRD 70— HEROMEEZ ML, ZOMREX S ECEETH S, 72, Luscher-Weisz
DFEFIZBWT, 7= U NI EE &S 2 R T PO NTWEDR 2, /77 1TV b
70— OFEMEOMWEE X, 7= VNP R WA TIEGRE R 7 - HEAEZE G810
O DONE S N EEZ ST EIFHEREN, AED XS RMEA S, R TIX4IRT, N =1,
Wess-Zumino #8280 7 0 —HERZ T U, Rz Z D 70— HFRRADHER GE. KOF 21580
NBIIZDONTORFEFERZWE L 7=,

> Z OFEIZINE K (Chula Univ., BHEKR), IFH MK (FBK) & LRI <.
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2 Wess-Zumino 7 2574 TV 7 0—AER

4R5E, N =1, Wess-Zumino IEUZ T B 557+ > b 7o —ARRAOHKHR L. KTz
FRERDPSEINBEOMEIZEL CTH U7z, ZOBETIXRCHiErsEbnbE)., 7a—5f
BRRMEHAOHEMAR 7T+ 0 FTREX SN, &2 T, Wess-Zumino 8 % %5385 CH
Wz EDAN T —HIZH ST B 70 —HRAD, FHOZ ST+ b THEZONE I L 2R
LT, ZOMMEHE U TS GIIdT s 70— ARAZ2EHE L, — AT, BEHEAIC
K BHEMTIE, A TNRMEEH U, EAFELEE JP G T, OtIENELWZ s T
O—HRBRAZEELZ, WTNDOHETHERLZ7a—-AATH, BRIIELULDIZRS, &
oz 7a— AL, HEYREBEROE & TEEWNRMEZ KDDL ZNTE L, TOMDOIRS
T, EBHE, FI9T7 142 7T AN XD LRI MER T AL, BERE A
LR 5 MR T®H 5,

3 SRORZE

NS DFEHE A2 HAWT, Wess-Zumino 7 77 4 TV b 70 —DEMNEEMOMEIZEE U THREE+H
Thd, THIZEBOFERE LT, A=V A—X—DifHZHERLZ\V, s HHRDOIT T T+ T
Fa—oMitE AL Z e, JERDIAATIENPED X IRV TL 20ELET 25 2 & IFERE
W, EMTEERIEZS I T N7 —OMEEHRNLIEVWTI AT MY —TH D, SUSY 7'
T4V M T7a—DORIISHDFRENIHEEFINS,
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AT —)VAEMELRENRE & FHA

H AR TR
- o

Higgs B & my PR EREEHHIE Am?, ~ M3 2521 0BRIZ U THEBRIE my ~ 125 GeV
FREOMEZ HRIZEB U &S &3 20EIE, naturalness [ & SN2, my A Planck HEX
GUT BERIZIARTHENIZNS\WZ 14, Higgs BRZ T 20O FEZ KRB LTV S,
Z D& D B FRIEIEEIE D B 208, TSSO ATREMD —D & UTAT — IV AE WD ZE T 51
% [l my =0 &§ 2 L EHEBANIE WM II AT —VREBIZR D Z L6, Wi AT — VAR
YD my ZHIHIL TV DTIERVREEZTHL D,

Higgs H&IZHIA T, Planck HE S HANLEHEA T — IV TH 5L, WRDIT, AT —IVARELE
BO—2& UT, ROXSBRENGE AN T —50OEH (“Jordan frame”) 25 2 5 [2, 3],

s = [atev=a (5o aue00 - o+ gens)
DIT, A € RIRIGEDRIATEACT, A > 0 £ 55, ORI, KRR Weyl KAH: &5,

Juv — eiQUg,w, ¢ — €%¢ (o : const.)

AN T =GR TROVEEMRHE () £ 0 28D £I2 & D KFEH Weyl RZENVEDS E FERT IR
H, Planck B FHIAMERINDS [4], B U= § A5, EHIZRATE Weyl RZEM % R
DM, ZFDHEIL (¢) 12X 5 TH U % Einstein-Hilbert IH (M3R) DR SHBHITIR5, ZD72D,
URTIEE<0 DEEEZERD [3],

Einstein HRERIZIRD & 5124£ % 6R,, DHFELET,

- £¢2G,Lw = au¢8u¢ - guu£§:0 =+ f(g;wlj - vuvu)¢2

INEZN T —HOEBH SRR Op = - §F + (Ro 2L TR, KEHIZ Weyl MFRED 7
», Weyl 7LV b K, = % = (1 —6£)¢0up BMREFET 2 VIK, =0, =3V K % K, =
0K LEHETDHE, K IZIRDLSIZEIT 3 3],

K = $(1-68¢

AHEE ds® = dt? — a(t)’da® LU, A YT L=V aViREER D, LB ORIKET 5 L
U, =3 VORI K+ 3HK =0 2870322, K 3RO LS 128505 [3),

t dt/
K(t) = —_
(t) 1t e /to a3(t)
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t—o0 DEE, FHERIZED AT —IVKT a DR K 1E—EMH (Ky) 12725, TOEED ¢
Offi% g &35 ¥, Einstein RO (00) Bk H2 = — 208 L7206 <0 DEES VT L —
> a VIRIMELET 5 (eternal inflation),

KIFH) Weyl MFRMEDHEAVIZAES Nambu-Goldstone R ¥ (dilaton) % o £ 35, f = 2K,
eBLE, ¢ 5 o NDRREHIL

d(x) = goe” (¢ : const.)

ThzoN5, FRCFROER g, = e 20@/fg,, 175 &, ROMEH (“Einstein frame”) %
Ronbd,

S = /d4x V=3 (;g’“’ﬁuaaya — MEA — ;ME,R)

ZDEXSI1ZUT, Planck H& M2 = —£¢3 B LOFTHIE A = 3¢/ M2 »WERI NS [3], £z,
triviality (2 & > TFHEHEZ/NSI k2 L $25EMmBH 5[5, 7272, 2D frame TIFfHFE ds?
= e 20/ g detdz” B dilaton o 2EL I EICHEET AHELRDH B,

AT T =GR EBHEANT 5 Z 212X D, eternal inflation 2T 5 Z & BHEKS, KD LS
R2DDANT— ¢, x DIEF%EHEZ 5,

1 1 1
S = /ﬁ%nﬁﬂ[ng@@&¢+QQW@w&x—‘N¢X%%2R@w9+&x3

BTV vy 2T Vigx) =3¢ + Ix* + $¢2\% LWV oltbDRET S &, Planck Bkt
M2 = — (66% +6x) £, H—FLERD &5 252 5,

K = 5 [(0-66)8+(1 - 66)]

AT —HOREFBIIEN EIZHRI NS 3], 20720, 1IZUDIT ¢ DS IZH) < I FH A
DAy 7L —ya B ERIN, BBICE-> 72 V OEDBIEDOFHIHIZ X 2 IR 5 2 %
HREED D D, 72720, A ~ 1071002 L\ S RE MM 2 HRCER T2 Z L 3LV e b
nb,

— T, BFIBIC R D AT = VAN D L E X oNE, AH TGN LADEE, A
= VAEVEDEIN T A — SV DMRFE L2 225 & BIRINIZ ¢ = 0 £ 72D, Planck EEA Y 1
Lo TLED, AT —VAZEWD S DIFKTH S RFH VIK, =0 2B FimiNIZH R0 L8
572012, AN T =50 2 {HD%E 12 Coleman—Weinberg Bk % 2 7 — VAZERILIZHRT 5 Z
iz ¢4log;’z—z EWIDRT vy Yy VBT 55w D D (6]

AT = VAW R R OBEIEBOIERE LT, IROL SR RZEBHE AN T —EOMEREE X
L5,

1 1 1 1
S = /d45C V=g <2glwa,u¢8u¢ - %¢4 + §£R¢2 + 56LR2 + QbR;wR'Lw>
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Z Z T Gauss-Bonnet 3 RE = Ruupe RMP — AR, R + R* DFHFGBPEWHTHEITLZ & h
5, Ryype PO AZIMA TV, SR [3] TlE R?2 DFHFGIINIWES S L E PN TVWEH, KY
IZ R? ORIBRIZNZS WDFHRT AL BED D 53,
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BEEITXINF—DTETREEEHRADR T —ILAEY
SRR B | 25115
S KR

1 FC®IC: FHEHRBREDOERE

B 2 [0 HKHET. - 25/ 1[BGEHE S VRO A (5 BB XU 7)) THEUCERM L2 21k, &
HEH (CC) MEOARENZHIX, HBOHRIZBIIZRY VGOX o iRz A LXF—% 7 o)
A4 VD Dirac DIFEDOR T OE T )L F — DRIV FIT 2 Z & a & TlEAR, ZoHEIZNWL
D DX FRME D BRI N DIRIE WS JEH IR A — IZE 2> TEIEL TWT, LD AT —
IVTOHEFMENEIC, MHET2EEEFET 2LV F—NTIFREEZFy L L TWVWS, 20D
B HEEL, WS e TH5B,

COHPHEEL2E S —~EELZLL, KDELTBEIS, ZRAIOMFIZIZ TS v 7%
WE=DUITFTHEZL TADOREDHE N D S LB S M, 0T U 7 BRI B\ T2
TH., AR e ZOOMRED BREWIEN. 7405, Higgs BfEic & 2B RFMEDRN & |
I x = NEHEZ X DI A TNREDEN, Db, ZOEMET RILF—D AT —)IE,

Higgs Hffii © Vitiges ~ —(200GeV )4 ~ —10°%A,

QCD #1 FVEHE : Voep ~ —(200MeV )* ~ —10%A, (1)
Thb, BERNSNTWS (Dark Energy & IFFIEN2) CC O
Ao ~ 107 Pgr/em3 ~ 10747 GeV* (2)

WZHARTENFN 6. MHTREV, BL2DZDOEHTHIPRFEEPIGELTNWS & VWD HE
X, FEWERLEETDIEETOINS DEHET ALV F =D FEERICHVTVWAW I L 2E
9 5, 97205, Einstein ENIX, ZhS5DEHT AN T —22<BAILTVWARVDOTHS,
LINSDEMZALE =0, HIDICHEIN: BOFHER] c THELTWAETEE, Z
D DODBEFKHENIZITTE, RIT56 HiH DEEEBRERNIR I o TOWRITNIER SRV L2 E
k9%, T7abb, RUICHELZ THEOFEHEH OB BARN 27T

c (BRNZHELZ CO)

= 654321, 098765 4321, 0987654321, 0987654321, 0987654321, 0987654321 x Ay ~ 10%5A,
—_———
12 digits

723X, Higgs BiEN R & 72BRE T, T DEAID 12 HidSERE IZHR S T
¢+ Vitiggs = 4321, 0987654321, 0987654321, 0987654321, 0987654321 x Ag ~ 10*A,

44 digits

X SHIZIRD I A TIWVEREIEE 7215, TDIRD 44 KiD  F 7B ITHEBKR I N T
c+ VHiggs + VQCD = Iﬁﬁ@ﬁ%%:ﬁz\ }1/¥_ 1x AO ~ AO
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BEOKBEIALVE — Ay BEINZE WS I THD, TNTNED Higgs FEHfiD T 2L ¥ —
Vitiges & 7 A 7 VEHET 2 VF — Voep B BIENDBRET 12 M1, 44 M OBUE DB IZHE T 1
TW5, W5 Z2Thb,
ZDh—2 Tl

1. BT 2L F—I128 T 587 Observation &, ZT3UZHD &

2. HEIRANF —DNHATE 5201217 AT —IVAEHIIVNERHLTH S
ZEZERUIZW,

2 (HHEM) RFrvov)LIxIF—~ (BEFHN) BEEITRILF—

i CIE g Tz, FHERMEOAZIX, Planck THAIVF =TT, TRXALF—DAT—)LDR
7220 < D ONFED BRI ATFEL, M 2 H2AEEHT 2L ¥ —ld, ZhZThomh
DIANF—AT =)V TIRIFZEICHEAINT WS, WS HESL, WS Zez2@mfLz, U
MU, ZZTHBIZSNTVWEEEZXILF -2 WS DIk, XFMED BRI NIZES AN T —
% ¢ DB, () = dov (TIED HBEFEHHET AL T —, T72bb, ShIIHANBRRT YO vILI
FKILF—V(¢) DIFE R TDME V (dg) TH 5,

LIZAN, —H, REFEEIRXILVF—LES L, $LA, BoMEm (B 28> THA
IZR DM BB AD THAELT X )LF — (Vacuum Energy)] O fizEWFNRRS, Thbb, RY
VSO OEIR T AN T - 7oV I A VIBOAT RN T R D B FOZRILE—, D
HOPIPEHRIZOIZ58M,. ODFTHD, ZOHEEIXILF—E, KEWIZE RN, ETH
MEZIXLF—THoT, HEKICHEHMLUTWIEHIHTERZVWETH Y, @FITHIETES
nd, ZOELFHPNEETIRILVF—E, Feynman 77 7D EETS ZIE, L0 - RIZIEHS5D 3
B75% 75 7 (bubble diagrams) D& 5-TdH O, ¥ 1 LHRHX° Dirac DIFOEET R )LX—(F, %
DOILRY VR T2 IVIAVIGD 1-V—T - 75 T7DF5IZHIGT 5,

FHEMMEZERT 2B, FHEBIH<HELRS Z D20l LTHl%IcEBEIN5 Z
EHEZ NI DD

(HBUHK) BTy VI RLF—V(g) : BEREEMHT ALY — HRE (3)
!
(BTamiy) HETRALVY— © HEES T 7, KR (4)

M, BIFFEAERLETH- T, HAIZEZDZREETIIRWI 2, 22 TIRETRLUEZW,
RHZ e~ OREEHERRLIZ 5 W THE,

Higgs Potential Energy = quantum Vacuum Energy (5)
BT 2L X — BT X)L ¥ —
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INnzdho T RITRLERL ROBHEHGROHIMR (toy model) 2F X L 5:

= (i B — o)) b(a) + 5 (0(@)0ub(x) S (@) — (@) — b (6)

ZhiE< D T £ 7z Lagrangian DR T, ¢ 1% Higgs %%, ¢ 1% quarks/leptons OYIE ;% KF
T35, Thd, Higes GOEEEMIC I VEREELIHOEEIANT 2525 ETIE, 7—
VIGHEARPNZFE URD T, MEHERREINI DT VI A VE Y TRELTWEEEZ ST
EMTED, BEEBRRODE > & EHARNREEIZ, 74—V T M5 —V5E 7 — UM
MEPSR2THEREHEZFTRY, W5 Ze, ZUTHEEIRILZRED/NT A — &%, Higgs 5D
BEEOATHD, LWHIZLTHb, ZI0Dtoy model (6) Ik, EEHERAIDZ 5 WS MM E KD
fRIZERLIZEDTH L, RBEOEHIE —hm* IZTTFTTHULERT S, (W ZEFENZHEHET R
VE—TET, IR SME—DIRTEFHFDI/INT A — &m®4ﬁkﬂz4ﬂ'é‘%c

BMRT VvV V() & (BRIMEM T[] ). EZZREIFNIFHELRS Z L ITER LW,
BRART T vILiE, R<HASsNn7=RK

OL()

L(D 4 @) = L(9) + T(ﬁ@ + 3 (iDg ' (¢)) @ + Lint. (D3 0)

4

Vigl = Vo(d) + %h/é& Indet [iD5" (k; )] + ih <exp <h/d Lo (D ¢)>> (7)

1PI

A B,

3 EHEEERICEITD 1-loopBMRTV v

POCIEAMEIZ S & DO KEBITIK S WL DIAATEZ I LT, 1-loop DARAT > ¥ ¥ )L &2 GtH
U &9, Lagrangian (6) ({ZXf)&9 54D Lagrangian

Lo = Po(iv"Ou — yodo)vo + (( Butho)® — (mg + 6mg)¢g)
Ao 4
4

2. WDOBDEIIZ, DT ENL L, EMHRIHILIZHHET 5:

b6 — (homg + hamd + hy), (8)

Lo =L+ 0L
_ D
5L = Abin 0 + 2 (0,0)° — Cylons — 2 A"
_§(Em +6m?)¢* — (Fm* +Gm® + H) (9)
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Yo = Zy, G0 = ZpD, Yo = ZyY, Ao = ZrA,

mg = Zym?, dmi = Z(;15m2, ho = Zyh,

1+ A=2" 1+ B=24 1+C=2,2,7)°, 1+ D= 2,72,
\+E=222s 1+ F=2,2%, G=hyZy, H=hy (10)

1/2

ELRITHR S 720 < DIAARTIE, BIRIE, 2WFEHT 2 ¢ D 2 fvertex TG (k2,m?) 124 L,

ngm(k%7n2)k2:anﬁ:0::0, (11)
ﬂ (2,0)/72 2 _
ak2r¢¢ (K%, m) k2=—p2, m2=0 =1 (12)
9 L20),2 2 _
am2r¢¢ (k » ) k2=0, m2=p2 =-L (13)
DL V3ABEMEEBWTL Dirty, (EALIERT L HIGEEAME TR TRWAY) R0 H 5 /8
5%—&%§Abthmﬁﬁwk®%éﬁ\2&%&@%1%#F%%Hﬂﬁm; L, =0k

(2=m?=02 EBEVTVWEDTIRITL2 DREEEL /T A=XPHEHET) HEWICHZI N5,
AR T 282X (12), H3 X (13) DERMAEF. FAFKMEZET IR B2 2Pm?2DELS
PEEE TRV DIAAE 2 IZEVWT WS, 20D DAAKMATHRE ZHZHEIZ, (BHe LT
D) BREATA=Zm2 I 580, OTHRIZKS WL DIAAR, LIEENS, RotEAMEED
MS &IEEN S < DIAAMA T, 23X (12), B3N (13) D & 5 L EAKIKZL < DIAASMEIXEHK
ERY, HIZ
— v+ Indm, (652—g> (14)
B B FERER T 2RI EET S XD ICHBHE D 5,
Z DEFIEAERRL D 1-loop AR T > ¥ v Lk
V(p,m?) = %m2¢2 + %qﬁ‘* + hm* + Viogop + 0V

counterterms

1 d4k‘ d4
Vvl—loop =z / o4 ln(—k2 + m2 + %/\qﬁz) — 2/p ln(—p2 4 y2¢2)

2 /) i(2m) i(2m)*
1) D 4, Loy o 2\ (1) 42 (1),..4 1), 2 (1)

5‘/counterterms = T)‘gb + i(E m” + (5m ) )Qb + (F m- + GY/'m +H )

(15)
THZOLNEMN, RS AR
_ A"k I'(—n) L, M1 M2 3
4—n —— 1.2 M2 - _ M277 227]:7 = In=— — 2.
a ‘/nu2ﬂ)n n(=k"+ M%) (4wy7( )" (1) 2\ g T )
n 1

n = 3 e=2-—mn, g_f—’y—}—lnllw (16)
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ZffioT, MS < DIAARMTTT 1/e BRI 2 HBIHTH &I, HBUHEIZ

2 |
40 My 3 AL 4l 4l
L™ DA =T 2 2 16027 2
(2,0) . (1,2 _ L 5 2\(1) _
DT E%m 52 2 (om*)'" =0 (17)
oo o popio 11 1 1GOm2—0, HO =0
7T
LR ED, GTEANE TR, ETHBRRZ LS 1C, RnzFHF OMBEPEIHNICEOIZR ST

E) Z KK?JI_M\L/#_L‘.
om*=G=H=0. ]

BASHIZ, < DAENTZHROD 1-loop AFIHRT > ¥ v Lk

1
Vigm?) = w6+ 26t 4 hm
2 1 2\2 2 1 2
_A _A 4 2 12
6472 ©2 2 642 u2 2
ERFE B,
ZZT, DB D 1-loop 7T 7DEMERT > ¥ ¥ VADFEIX
Vetap(0) = 3 ke Fu020), Fuh) =2 [ OE iz ia) o
1-loop i 1 L'In I ) n ~ 9 7;(27_(_)4

THEZLNEZLIZEELTEIY, 22Tk (EXAHT-8%218x5%) BOHHBET,
+ OfFFIE. RY VN + T, T2V IAVER - TH B, M () 1. H@ﬁ%ﬁ¢@%ﬁ@%
FOBRTIDNFAROEED2ETHS, LrL., ZHEF EROEFHRHEZTIRIILF—, T
Kbb, BY VBOXEEIRHT XX —, 7 )L I 4 O Dirac DIEOATRILF —, ZOD
HEDTHD, ZOHF, BREFIZDHL LT, 20D

M4< 1 M2 3 )

6472 (20)

4
EJM%:l/)dkl(A¥+M%

2 | i(2m) : 22

Coleman-Weinberg potential
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D 2 T BAKAFNE 2 IR ORRIZ T § UTH 5 902705

1 M d dk ,
Fin(M?) — Fn(0) = 24 dQ%ﬁ/“%ym@ﬁ+m%w@

_1/M2d / d'k 1
— 2y )it k2 m? e

- ;AMiMﬂ/kﬁ;2¢mimﬂ
ity e

2mh)3

TR W-ERY O OBEDE F,(0) 1&. ROt EAMEEAS AR TR (BT 2000% F
Oi#ﬁh@f)kmf%%bt IERELEG, EEEEO IWVE2HSO 3RS [Prb. H
CELHCUOCIEAMETIZ 0 TH B, T bbb, WUtEANLRS T

Rae) = [ (3virar)

(2mh)3 \ 2

DHEADRE VLD, LWHIZETHYH, TNFF XL, [u(M?) HBRY VIEOY¥ e fikE 3L
X¥— (7 IF V7L Dirac DIEBOEAIINLF—) (OHSPAIBIZDE25H) 7w
ZeERRLTWS, (ZOAAD 3R LBt EAERES A X% @A LU CEHMiEiL TH
ED (20) ROLHOFERBBS NS, )

4 IhNLDOBBELBERISEBOLNZEELIER

HIE T I HRSREHERTRL T MS < DIAATL DIAENTz 1-loop BERIRT > ¥ v V%2 H S5 DIZFHE Lz,
BoNnzRT Iy, ARTHD, LAEH, 1-loop KT v ¥ ¥ VOAERMIERHS (Coleman-
Weinberg A7 > ¥ L) 13, M(¢) DREXHL DAAE p FREDHIZIZ NI RBETH D,
KERFLIZ, TTIZtree LRIVDETF VY LIZEID AT N T WS, Thbb, BEF@ED (M
RAZED) KERBOIIHETEH (PHENRATXA—X) ZDRAENTVWEDT, BFHNAR
FHOERHSIETTIZ, K DRAENZMEATEH (CHENT A —X) TEIPN tree L NIVR
FUVYNIZEENTWVWBEERS, tree LRILET VY v LIIXXE@EY, HFHHORT Vv
V- ZRXNVF—ThH5b, /2. —H, l-loop KT V¥ ¥ VDFSIZ, RV VGOX O SIRE) T %
NE =R EDEFHNEEIRINF—LHEUTHEHEER U, LR ->T, Hifiod 5 oiaR
TV Y I)VOEHEILET 4 Ji T EiE

%

(HHLY) Higgs KT ¥ v )b - TRV F— = (B1i) BEET R )LX—
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ERUEBDEE S Z kD,
COHEEN S, eI REWLD S, P OBEELKWERS Z KD,

1.

WIES T — VBT AR, 25 DB EIXAR T Higes B0 EHE (X0 ThwnwEZEA
i) (@) MEKTNWBEDT,

WESGX T —VEOAEEIXVF —F, RISk ETHD. <D
AENTFEEBN THARIZERI NS,

Wi 6, TNSDEOEET VT —IE, LOEED 2 F M?(¢) DL LTEA SN,
RHZ FEHGH 23 13 M () (CHBI U 7228, MBS — V50O & M(¢) 1 Higgs 55 D H 221
FHiE ¢ DBIFEAEE (07 — UREAER) BFTHEASNLDT, FEHIRIE o IZHHIL,
L7275 T Higgs 55D 4 sifE GBI DAL Z V&, BIEER )\ 221X, AR
ZEHREHRSZDTH B,

ULirL7anis, Higgs BB HIEBIATH S | BifiDFHRORT L 512, BZEME o ¥ 5
IRt D Higgs % HH DE & M(p) D 4 Rl

M4(¢) _ <m2+%)\¢2>2 :m4+)\m2¢2+2¢4 (21)

L7322 DT, Higgs B D 1-loop 7T 76 DHEAEL X)L F—DFEIE, BHENT A —212<
DAD B m2¢? FLBITEY, 4 FFEETEHIZL VA B ¢* HIEHZ T Tldi <, m* ICHfld
SMEDCEEIRILFY— (0 REH) ORBEIET S, ZOHED m* 1219 2 FE0E
ERT 5720101, BB R )LX —HBRIH

homg = ZpZ%: hm* = (1 + F)hm?
1 1
FWp — - 22
64r2 & (22)

EZRBELTEPRIERS W, FO I, Higgs 5D 1-loop 75 7 5 & DEE IR B RifliD
R (17) THD, 59 5&. < DRAENZFHEM hm? 1 Free Parameter £ 725, ¢
Bhb, FHERZMOBRATGEERETRLZD, GHELAEZDTE I EDHRRLR S,

Z DFEHUIE. 0 mvertex DFEMBLD THFUITTEFFD/NT A= XD AIRTEDPNLD, 5D
EHERERL ClIME— DIRTTEFFD/NT A — X TH 5 Higgs BR/ST A — X m D 4 FIZIHHIL T
BN iRTH B, LihioT, BERIZIRIGEZ R DN T A = ZMEITNIE, 25 W IOFMIEDE
ETFXNF-—OFBIENT, TOMBIHZHET 2 HZIMDOTH L, Hiz, HENL
ERONRI A= PbNIE, BT ZD/NRTA—XD 4 FIZHFIT HMEDEZET R ILF—D
Kb obi, TOMEEVPLEL R, FHEHRV IR LN ELR free parameter
IZIR5DTH S,

37



Soryushiron Kenkyu

3. M UT, FHEHMVFIEIETHL720121F, m? =02 BETHD, ThbbH, Himld

MILRFDONTA =R EHER = (HHK) 27— VAZEMEZ2 D

e, D LHTHELNGE - VTR TH L -ODORBBERUETHDH, LES52LN
TE 5,

A

BBz, BEAZE LY UTHEWZSBUWIEE O FANMEK L @ E KICE# Lz vwe BnE
T, FARME (O—H) X, XM/ BARZ MRS BEAHEE IS (Grant No.JP18K03659)
DK %2725 DT,
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RN DFERRARY ML & ZDFHYEEHRER

FEREAHE Y Y & — | HEERERI T H BB
JilH EK

1 FEEBOEBEEENLETIL

FH AR (Cosmic Ray) &%, FHZEMZROL ST, Itk BT, BLUOENLDOKKT-&
Wo EIT R T —DR T ORIETH 5, FHMOTRILF—1%10% — 102 eV £T 11 #7A EIT
DD, TDIAXNF—ZART MUZ UK UIEHr i b 2 & OB (broken power-law) Tilt
BEND, FRCEEERITNHA D TH S ~ 3 x 10° eV (dN/de ~ 727 — ¢730) ~ 4 x 109 eV
(AN/de ~ 730 = 2T F A DBIZ 2 E 5 2 TENEH knee (), ankle ({ B.RL) LIRIE
NTW5B, KFETIXFHZ knee MFD T AL F—%2 & DOFHGIZEHT 5,

BUE DFEHER 72 LR Tl knee AN OFHARIZIRIT AN OBH BARBIRFATH S L INT
W5, KD 20U EOEEE2 L ODEVWRIX, TOE2KIBICHEGIZE L IIENS KIgHZE
FlERZTH, BHERBE L ZZTOEBERIZL > TEMEMIIRERIZEINZEDHEETADZ &
Thd, BH BRI ZETEMZERIZED D, FAEOHALERT S I &> THERN %
BT %, MR F1m E OMER I3 & 0 T HE 2N S Z ORI DR %
FETZE, KIFIZZRILX—2HEEL, TOARYZ MUVIXERIZR S Z e PHEEHRMIZH ST
W5 (—kR7 oV IE), IRIEHEBEROEZXINLF—D S5 10%D3Z DR FIHIZE P X
TWb295L, IRIMTRANDOTEH MO T XN F—EE (~1eVem™3) 2 LR TE S, FHE,
FEH R IR D X AR (1] & > <A 2] 12 & 0. EmRIIB W TENENEFIE, B
HEPERZ > TWBZ EDENPDONT WS,

ZO XS UTES N2 FHEGR 7%, BREZEROILIRKIGIZ X D ZDAME T V& LICES
SNBROTRITT B, ZOEMIIUIXUIRIEHFCERE TEM I NS, F72, FHEHRK I35
T, BEAALMHEEHATAILICED, TRALF—%2KS, Lo THIBRTEIHIS W ST
HARD D ABIEL f(t, r,e) XA RO ARATRKDO 5N B Z LiTiR 5,

2 Jt7,6) = DOV + D[P+ Q7. )
22T D(e) AERHEBIRE TR TOT 3V ¥ — OB TH B, £7-. Ple) IXEMTOK
FDZRNF =LK, Q(t,r,e) TFHIIED & BRI B 72 D ICTEAINDI R T DT RV F —
AR NVTH D, IHLRE D(e) % 58— 5 S H 3 2 OIXEEE A, FHRRD IR R NHAE
AL BR B SIS 2 Z &L H D TV F—DFHRFE (iEilE C) B DIIZ & -
THED FHiR A 7R (JuRil T B) OB T H MR QIR NIAER RN LIS 2 2 & 1R
PUE, EEGRE D B BOR (X AR DO R U R & RFEDAEAELL (B-to-C ratio) D T 4 )L F —fkAEH:
MOMEETEDZLDNND, o, TRXIVF ALK P(e) ZEMMES, T8, HAEENE
HIBNZ 3 RO 515, FHZB T - IR PO O T 2V F—HLITIFIFEETE 508, &
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T BT TR LI A TR - T & OHEEIC & 5 T3V F—HERDBAZ WD, IF
U< 205 ORISR KD 272010 1%, P(e) DA ZIRIZ AN DR R & 755,

2 FHRERSADEREEF  BEFARIKNILIDEE

BITE TR R 72 R RN AR O 4 OB & 7 OEMICE T 2 E#E FILIZEL ZIF AN S NT
7z, LU, ZTORNEZEZ BEREERD 2007 AR, WL DD O FHARFERRIZ K - THE X
N7z, £TATHEE PAMELA[3] B FHEHOBET - ETHE ~ 1 - 100 GeV OHiPH THIE L.
iz ~ 10 GeVULETZ DN Z AL F L L HIZHARLTWEZ 2R UTZ, T NISERER 7
FHMETADSEH D A RVERTH S, T FHME ORI EEREICE W THNEX
nNizEzohsd, —hH, FHGGE FIEFERETIRIZLACESNT, EENIZIEE S F
HARG e i EEE NN VHHEFERHT 2 Z LIk >TES ot OFENHKEF X
LENTWVW5E, LzDoTHRET - BErHiEhwE - REL L FRE, FH RO RN R ANMAER O
ITANF—KEEE KL TWEEEZO5ND, TRILVF—DEWFEERN FIEE@BICE->T
FHiz s iz K BLSEMRZBH T2 DT, EEMIZIIGET - EFHRET R LT - &
HIZRAT BT THD, & IADBITERAT & 512 PAMELA % U703 Fh & ER NGO
WRTH -7z, ZOFRIBGEFD LITHRAR &S @R T RIIZER I NS I3 TRl ]
DBIDPREMR S “—IRINZ ERREINTVWDE Z L 2B RB LT WS, £z, (ZIXFERHH I FHEHRE
T BEFEEHLEZT I 72 ADREE WL DL DOFERIZE > THE XN [4, 5,6, 7, 8], FEHE
MZRET VO FPHZBELTWAZEWRINZ, ZN65DI s, FHEHEET - BEFE2K
RIS 2, @8 2RO R OFEHRIEDOFAENEIND L D127 57z,

TS DMEANFEBRTEH AT — ¥ 3 VIZER X D FEHRR S AMS-02 12 & B Bl DEHIT
TOIKHERLEIPOONT VWD, £THET - ETHIZDOWTIE, PAMELA & FPFEDORVT —
ADHEIN, OCHIAINF—FTTOT—X%2H5E ~ 300 GeV 2B AN £ > T
WBESIZRZB (9], 72, BTDARY MLEIGETDARY MvbZNZHMLIZHIE X N
THED, ~20—200 GeV OHIFATIZGEFIFEFICHRTHONI 7 7y MaFEEZRLTWS Z
DN o72 [10], A EOBHIHEIIZ X0, SRITRNFEHERBEOEHFECEMICE T 28T 7V
WARKBREFEZBOND Z &2 577,

3 EBARROFHYIEFHER

PAMELA O¥#R&ECIRE, BETFILOMKPE T - BETF7 7 v 7 A@BEZESL LS BHLWE
T - BBEFIROETIUNEL CIRIBE N, INSEFKREL DT TE—7 <X —EFHH & KA
FEZMEING, WHRRE =2 Z—=DRADOER T TH . TS DMHEBRHENS 75 v
MNpBEEAEOEIANF BT - BEFVPERINEZ WSV FVATHE, X—I v RX—Ki+
DETIVIZIEEIZZ WD, 2OV F ) AZHE IV E $-IEEIZZ WA, Mhi@EL cn
ZDIFEZDEIIZLTHHINZFHRET - BETOIRILVF—ART MVIEEKX -7 v X —Hi
FOBEIZNIETAZANF—THY VA T7Z2RT, EWVWIHTHDE, LD >TERLX—7
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SRR TFRIFHETHLED, ZOVFVAIEE—DOHNAY NI TDHEEZTFET S, Th
L, BETIE SOV — BHIRERE. 77 v 7 R—)Lin EOIRIRAN D EEE XK E I
ER D, AFETIERIZ Z O RKEPFHIZOWTFHE LSRR B,

1EiTRR7Z&L D512, BT - BEFIIERTOZIXNF—EBENEBHTERY, Z0LE, K
HENTHSEWRKELARAELZETF  BEFDARY ML, BEREINZEDIZHART, &
DN RV F—THhy bATHERZRT, SV 5L, EEVEZREPEFEOET - HET
. BHOWREPEFEOEDIZHART, AXRZMLOIY A TZEZLX—DAEMEL 25, Z
NRX =3I X—Fle RESRRLE[TH D [11], FEH 512010 25 2012 FIZhF T, ThE
TV —D &S MIBRGEEIZ RS GFETL2I VR NREPSDET - BETF T I v D
ZDEREGHLEIZEL > T, PAMELA OF5E L7 — & X Fermi ® HESS TR o N /-E T - BT
ARY MR BRICHHT 2ET L2 WS DORRIE U7 [12, 13, 14]), 7z, RFEJEGZ > TeV
UEDOET ANV —HHOWEIINTI2EERTE2 525, EITBR7ZE51Z, FEVZRAE
MOEDET - BBETFARYZ MVIMEWIZ R VX =y b A 72070 E T 2L F —®iFIZIZF
B89, R > TeV PAEICIZSAIRZ 1 < 10* year & D #FFWRED S DEF - [GEF D AN
592, & S5IZFHEHMDPIEHOETEIC X 0 RIKD SHIBRIZE < £ TIZhh 2 HRIIERM D 2 T2k
HldarZer2BEZ5E, TOEVIIIVF—HHDT T v 7 AZHFETE S RKRIE, HERD <
EEIZEIET BT RE VD DDARIZESNE Z e 5d, —HRINZ OV — OFEEMERE (~
FEBROHE) 25258, ZOLFITYTEELZ NI —FEWEWHEREETH D, L
BoT, HLVLY—DPAMELA 72 ¥ TR ONFHRET - BEFBEEZE> TWSERIKE
T, > TeV U EDES - BBEFART MVIEITLAABO VT = s 0FLEDEREDLYE
Moed, VIFTURBRICRSE Z PR TE 5 (12, 15, 2D &L BRI A -7 < & —3
Tl (EEEEOX -7 <2 —hF2EELRWVWEY) HEHTERW2D, b LRI IIERE
FFH OB R E B TH A S LEHESITEZ TN,

4 wFTOE

2017 48, Hh[ERE O FHAMENE E DAMPE 28 ~ 4.6 TeV ¥ TOFHIRET - BE D aHlk R
&L (16, Zhitkd e, BT - BE AT PVIE ~ TeV {ED T X I)LF —T knee D
XN 2R L, TN EO T RIVF —TIEEMIEL TWD I LA REBI N, 1FIF
AR CALET[17], HESS[18] i & - T FBEDKE R A & iz,

TOUMERITERIEREE 5272, RiZ~TeVUETTI Iy 7 ANELTVWSZ LTk
IZ HESS OB [T 12X DRI NTWADEZD, ZHFZHRIVF—HE (HhEVWIEX—I X —
kL7 OER) ORI X 2B (BB Ay "AT7LEZTEFHEDORVHEDT
Hotz, LU, SEIDAMPE IZX > TRINAZDIRENR Y AT 205, WihdvFY
A THEFYHTERD SR TH o7z, THIT~1TeVHRH ~4.6 TeVEWSHEWHEHFHTIEH S
MARY MVIZHIfi TRz XS R T I LRRIEEZ T 5N LLAESHIT S TeV AT
DARY MVEERH LU TRAD I L RL2RESI 2, TLADBDORE» S DHFL TH O A4
ART MVEBBET 5121E, AAARAK fine-tuning 29 2 Z & AT Sz, 2OV — XD B if
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TE MBI EIZHFEET SO0 RKK (e ZIAMBERY) 2H-ICEZNRXES LI IXHE
HTELMN, ~TeV TERTEZEINEINTHETITZRL., BRICHBETZZLIZS ALV, 0
THNIZE L, BZRNVF—OFHELEET - BEFEHAIICE > TZTORFIZHS IZR-72E82 5
P, BUALKDEBEMELULTERZEESTRWSES S,

S FHRE T - BB FOBIITFEEMICHRO NS FETH S5, Bl 21X AMS-02 1XF5E 1A
RIZMVE~TeVEEETHIET S Z IR >TW5, £7-, BT -BEF AR MUIEDAMPE,
CALET, HESS TH & Z L FARSNBE T TR LK, ARDOHMNIZFH D S D H > < frEil
THLIBEEZRTOF Ly a7 EEEE CTAIZE > THE IV EZ X NVF—F THINMNTRET
HD, TOTAETIHFEL S BRGDo7203, FHMRET - BEFORERAROIEFEA R, N
WY — 72 ERBROFEMREREBN S, BRZHES ECHEEREHRE LS, TNhHH AMS-02 ®
CTA Z1ZU Y UFLBAE - fFROBHNC X > THSNMIRB Z NI hT WS,

FHGET - BEFEBEEZEVHLEDR X=X =0, T dRKED, DO TERT -
THYBERZFELE LU - RGeS X, Biie o280 5 10 ELA LA L ZBfETHEHREL T
W, UL, BHEMOERIZE D, BEEPHLIIREIHIEE ST SEIETRTVS,
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Large Volume Scenario & F-term uplifting

HERRE SRR 1124
ER R

1 Introduction

SRS E TENVEROMEME SbNT VS, UL, BRI 10 tDORZE ETERI N
TWA72H, ZIN6EDEIIZLTHLDMED 4 KT de Sitter ZZRIVFEHINZDNE VD
M REFE RSN T WS, BTV - ¥ UZEM%ZHWTRE 6 RtZEM % orientifold I > /32 ©
k22, HigO¥OE—FE LT, REWRTOEFOHBE N GEENS, ZOHBEZ2EY 2
4R, EY 271 DEMRZLZERBEHIZEEHNE A TWERWZD, T4 DFHTIZE
Va4 IBFEELRWD, FRELRSTWSIRTTHD, ZOMEEZEY 271 EEDMNEE
PR, BV a2 I 1 EEIXFHEMEZLD2PboTWS, KT Uy vy VOR/MEZZHRT 5720
WA T =T VY VRIS A0 ERDHED, BETREEYV 2T EEEINTVWEDNS
Thbd, EYVaI74EEIE B MEZHEHm TR BEICERI N T WS, BiEHmo a2/ K
b CENZEV 257101715 by - HEREE - Kihler €V D=2 6nd, 20D
LT 147 by EEMEIIER 3form lux KL > TV Y — VULV THEEVPEZOND (1], — K
T Kéhler €Y 2741V =L RLVTRRT VY Yy UREREI RN, 722 ORFDEZ(TH
NI Z R D7D, KT VY Yy VDENEIZR S, de Sitter BEZEZFL7-2DIZIXRT ¥ v IL
ZIE LT 208D D uplifting OEE U TH SN TS, Large Volume Scenario (LVS) [2]
& KKLT #8 (3] 1& EEED D DMEZ R § 5 AR LR L LTHI o TS, 2OZDD
Rl Kahler €Y 2 7 A IFFEEERIRIZ L > TRT V¥ v VD ERK I N, uplifting 5728
W7 YFDITU—UnEAIND, REHTIIHOGETO uplifting O A EMN %2 i d %, 2K
Bzida vy M EBOREE ST B 01 TIVBISNEE L., MOBNHMEZ 25 Ea L
TWiUE, EVaIAEEZMEEST 5 Z &7 < uplifting 2175 ZENTEB I L &mU7% [4,

2 Large Volume Scenario

Z ZTl& Large Volume Scenario (LVS) IZDWTHHHIZEE T 5, DL BWAAS AF—X XA
TDaAYRy NEEEEZ D,

V= (T1+T1)3/2—Z%(7}+Tz’)3/2, (1)

i>1

ixbu/ax7—»e%%vfﬁ@mméMt:/n&b SO TH O, T, 1Zav s
ZBRID i BHBHD 3V A 7 VDRI N AEFETH B, LVS TIKIRD & 5 2D Kihler 87
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VY ILEZA—NR—RF U v VERET B,

K = —-2log |:V + §:| , W =Wy + ZAie*aiTz" (2)
i>1
EFaVNT NEROAA T —MTIRELZERTH D, o WlEIZ K> TEHRINSAIEHTH 5:
€= —C(3)x(M)/2(2m)3. Wy ¥ & 3-form flux & T 1 7 b > - EREEOMFHETIR X 2T
HH. AT FIEIRIZL > TERINEA—N—KRTF ¥y LV ThH5, FEEHHRL LT
I% gaugino condensation ¥ D 7L —V A VARV N URENREZSNDS, TOROD F-term RT
VY IEIRD & 512745

A B;a;Te” %7 Ci\/me_QaiTi 4
Vi =— — _— — 40 3
LVS =353 Dzl Ve + Dzl v +0WV™), (3)

Wo |2 2v/2a>? A2
A= 35’ 0| 5 BZ — 4A1|WO|7 Cz = fal >, (4)
4 372

F7/-Z ZTIXEE D72 reduce Planck mass Mp =1 QAR EZE 72, ZORT V¥ ¥ VD
IMEIFIRD RO THZ 55,

B2 aln / a;mi(a;T; — 1) 1 B; a;7; — 1
A / a;T; A
Z (a;m; — 1/4)2° V= 20; T a;7; —1/4 (5)

i>1 Z

ami W1 XD HAREVEE, ZOHRERNZIRD LS ITEBIZHES 2L TE S:

2/3
o ( 4ABQ> Vg pVaTe. ©)
i>1 C;
fEHIZ Kahler €Y 274 OFEIBAFETCINE Z L3005, T2 T NEMEROEKREIL 7
s U TRATINZ K E R Y A ZIZBEESINDE Z 6, ZDOHREIX Large Volune Scenario Eﬂ}
ENTW5, ZOEZEL SUSY %25, Kihler €Y 271 OMBIGOMAEIXEY D TRWL, L
U, ZOIZRIF—EEIZAIZRS:

A

. ~N —_— —4
Viminimum 24, (Ti><V>3 + O(V )7 (7)

fif & D> uplifting BN BEIZ 5, ARTIEFH LWL FIVEE X 28 AL, TOFIHIZ X
% uplifting D REMEIZ DWW TGRS 5,
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3 LVS and F-term uplifting

IRDE SR A#EZ 5, DD Kahler EY 2514 BN DDELHARIZDOWTEZ S, Kihler
KTV Y IUBIRD LS ER-BCTHD LT 54

K = —2log [V + i + (Ty + To)"™(Ty + T1) ™| X|?, (8)
Y = (T1 + T1)3/2 — ’)/Q(TQ + T2)3/2‘ (9)

X 322 HEHAZR D L RET S b, X ODEEH%Z my £ 35, ZOK, (RO XS
RIDDA=N—=RT VY VEZEZ, €Y a7 EEL uplifting H17 2 2 % FH7z [4)°,

Wi =Wy — fX + Age "2, (10)
Wi =Wy — AeibTQX, (11)

Z DFER, IROFERZF72

o A—N—=RT VI ¥ IV Wi DEIIZEPNEL E, LVS DI/IMEDE D IZ R F 4 2 H38]
N, LVS DEEPALLZERT 5,

o A—N=FKT VI YIBN W DEICEPNDE L E, TV 2T 1 OEEMHEITER 2521
ZDHARTHY. fHPHHNSITNELVS BRI LETH D, £72. TO/NI\ f TTRIL
F—BEDOHMHEZIEIZT S Z LA HEETH 5,

KT 2w VOB 72 1L Figure 1 DX 512725, X @ Fterm IZ&K D RT ¥ v ILiige
A& uplift TNTWED, KT VY v LO/NIFE->TW5,

ZDOVFVADRMFETH L7021 X OEEPMOEY 25 A IZHARNTHRELL LD HEN
HBMW, TOMPENSFMEIE X OEBEEREEDOA Tr—IV A La v 7 MNEMOKEZ V) O
Rl L TazoNS, X DEEIFIROLSIZEZ OGNS,

(12)

—HTELHEHALZVWEY 2T M E small cycle n, TH O, BERIFIRO KL SIZ25,

Wo \?

2

mZ, o~ . 13
" <v47TV0> 13)
7272 U Z Z Tl reduced Planck B Mp =12 L TW5%, A~2 >V, DI, Z O uplifting HHH
IZ & - T uplifting 2SATHETH 5,

iX oRIFIZOWTIE[6] Y.
SIEWEERLIHI L [7] RETHEFERINT NS,
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34 Ty

34 ‘[2

Figure 1: LVS DEYa 74 KT V¥ v )b (f£) &Hh 4 FViE X 12K > T uplift TNZET 2T
ART Y. BRIDONRT A= ZIFRDESITHEE LT A=1, B=02,C=1, ag =27, n=
1, m=2, f2=1.00742 x 1079/ EWVHIZ V =0 Fiii, LVS ® F £ TIIBU/NMETDORTF >V v
WOMENEIZIR > TWB M, uplift TN TIHIFLALIEIZR>TWS I VD5,

4 Summary

< 1Z LVS @ uplifting Bk & UTH A T IVEEIZ X 5 F-term uplifting O wJGEMEZ TR 72, £
DGR, A—N=RT v VDPHBRHEDHE U TWNIEEEEZ A LENMIEDL I LR
VYUY VDEERFEDL EIFA IR TEL I ERUZ, £72. TODITBELRINTA—RAD

HIBE % = U 72,
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Moonshine and String Theory

HARFH LA —BREEHE
TLE 2

1 ELC®HIC

BREEEEY 27X (FREFEYZ - EVa2T7—EA) WS, ~HT23BEDZN2DOD
BER R 2RI 2R EL— Yy A e &R BRUNICERINEZEVARNT A - L=V
Uy AV OWFEEIRIZEWT, 2R HBGER AR E L b T A REI Nz, DOk, B R
HENVITDIGHATH MM EBU T, Bl L=V Vv A VOFRARL—V VYAV ZFDED
I 2 MR Z RO BRADIT ONT VWS, KEHTIEEVY AN I A - A=V ¥ v A Ve RENE
IR INTWEI Y2 =XV T I - A—=v v L IZDOWTHRA L.

2 E®UVAMNSIR-L—VIvAYV

EVARNTA - L=V YA VIEBRIIZHERINZL =V AV THY, EVAR—FEM L€

Vad—EREHETOTTWDE., £/, OL—V YA VOHEBEEWZIEZEDTHD.
HRDOEREL IR o T-DIE McKay IZX2BETHL. ThbH, WEHEY 27— J (1) D ¢-

J&R

J(T) = E:(%fn:q4+JWBMg+ﬂ&Bﬂmf+8@H%NWM&%--ﬂm7>04p:e%”)U)

m=—1

D JEBIFRE 196884 13, €V AR —HEM DEERIRBL DT Z AW T 196884 = 1 + 196883 D & 512
NREINDG, EWHHFETHS. £ Z T Thompson (&, FEFRIRICDIREAT S INEE

V= T Vin (2)

m=—1

DEFIEZIE L, & g € MIZH LU TEZ S 17z McKay-Thompson #kZX

Ty(r):= Y Try,(9)q" (3)
m=—1
EHFNDZERBELUZ(]. 220, ZOMBUIIRD LS55 EE2H->TWD 1 (1) g = e (HfL
JB) DEE J(r)IZRET S (i) EED g,h € MIZHU Ty = Ty, g1 %7279
Conway & Norton {2 & > THRHINZKDFHEZELV A TA - h—v ¥y 1 e L& [2.
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% g € MIATXU SL(2,R) D& % MR 2B T, 23FAE L T, McKay-Thompson $%# Ty (1) 1
[yDEEVaS5—Li5.

TNUEE Ty(1) W Ty AZZ EREFH LRI TH D, InT — 00 IZEWT
Ty(r)=q~' +0(q)

DEIIRDEES T 2Bk T 5. ZOWEIEIAK J(1) DD >TWVWEHDEN, 2NN TRTD
T,(r) KL THDEDE WS DTH S, ZOFEEHT 57201k % THIREV % EARHIH
KT DMENH LN, T T 2WTHIBIGHR N EIG TS, Thbb, 24T b —F A0 EEEIZ
HISETBHA TIVERY VBORD, €Y a7 —RERDEEB»S V 2 KT 20TE5. 2
SLTHRONEV ZEVAZR—IIBE IO VITERYT. ZORIFZEVAZ—FEMPWMEEE LT
fEF L T8 Y, McKay-Thompson $k#K (3) 1

Ty(r) = Trys ggo—/* (4)

274220 K geMIZHU Q) ICEoTEBRBINZ Ty)(r) BTy, DEEY 2T —L4d I LDHEH
I, Borcherds IZ & > THZ 607z [4].

3 A —8BLUVIVTISI b=V Y

RV a— - bh—r¥y¥ A viE MathieuBf Moy LEY 2 - EV 27 —RREFE OO LBBETH D,
K3 i O AN EL TS [5], [6].

REXTFEZ £ D RITEWT, Witten FEBUIENMH AR BEZEZ 22 LT 5. ML L X Witten
e SRR U 72 BT, MBI IIZ 1 BPS IRRBOMEIRE 2 B2 BV, B2z IZ X —2 v M 22/
DA ZE R 5 2 % . K3 dhif ofHmEsus

L O02(m;2)\?> [ 03(1;2)\° [ 04(7;2)\°
Zxa(T32) _8[(92(7;0)> +<93(T;0)> +<94(T;0)> }
DESIZFREN, EVaT—FEMERT. 2210 0(r2) 6 = 1,...,4) & n(r) BZhZh

Jacobi @ F — Z X, Dedeknid D T—RXETH 5. & 51T Zxs(1;2) 1IN = 4 @HIBRBO
HORE LT

[61(7: 2)]?
[n(7)]?
DESIZHEEINSG. (5) DRHIFEY 2 7 —LHIIN U TR BIEDIEN, €V 27— A% %
MERN, EZANINGIFHBEL T Zks(r;2) BAKDE o TWBEY 2 T —FEMIFA DT

52 TR, BUEIZ B W CTEAEM FERE (vertex operator algebra, VOA) & X IEh 258 O—A% Lo
%. VOA L&V AX—MBEOMHIIL [3] TR TV,

Zxs(T52) = (24p(7;2) + H(7)) (5)
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3. ZTNESTREY 25 —RLME2 S 7RV D, # (shadow) & KIFTNBEEDHEEMZ 5 Z &
TENAEETLZHDE, Ev 7 - Va7 AL LR ZITRH(n)BEY Y - V27—
BRThHD, ZOHIE u(r;2) THB7. T LT H(T) D ¢-EH

H(r) =2¢ "/3(=1+ 45q + 231¢> + 770¢° + - - -) (6)

2B B EFRE Y Mathieu B Moy DEERIRBLDIRIC 45,231,770, ... B’—BLTW5. ZTIH~
Va— A=Y AV TH5.

CDFEELEVANTA - L=V YA VOEMENSESIZ, ERIRTTORB S INEETH 5
Moy-JNEE

K=K, i g
n=0

B LUK g € Moy 1283 5 McKay-Thompson #%EX
Hy(r) =Y Trg, ,,4(9)g" /3 (8)
n=0

DIFENE X S, B, (8) 525 K OFENHHEINTWA 7). LALAEAS VIDES A
BRI A REGE LA S v Tn e,

7 Y7 F)V (umbral) + A=V VYA VI, XV A= A=V VYAV EAETHEIVENT T
ADL—=2T %A THDB (8], [9]. BEHMOSNTWET YT I - L=V v A VIELET 23 i
HBN, TN 5 IE Nimeier 72 HWTEHER B I ENTE 5.

24 RICD IEFE M H E BB F TEM TR WL DIFEET24lH 5. TDS5HD 1 DI —
FR%EBH7T, Leech BF & XIEND. EiF, TV AR —MEE VI 2T 2BUZH W25 24 ot
F—F 2, R IZ Leech i F2EALZEDTH L. —H, EBOD2BHIFETL— R X %2
5, 245 % Niemeir £+ & L X, AFZD Nimeier #F% NX TR, W, VT IIVEHGY %

GX := Aut(N¥X)/Weyl(X)

WKLo TEHTD. 2 AN E N OFCFABMEETH D, Weyl(X) 1 X 12T 5 Weyl
HThd GXIE223MWMBY, TRTCHRHTHS. M2 THhRREZZILEETERVD, 20 &
SIZL T I Nz GX IS T 2 €Y 7 - £V a7 — R HX X, €Y 27 —WEPMTE, S Ik
ETHILNTED. iz, DL — V¥ v A VLA HY %4 2 MBEOAIEA R S 1T
WBH[7], ZRBAED Z X5 h o TV,

IUTIN A=A VRV a— - A=Yy A U EEDZ NS, K3 i O R
CREL DD EEZOND. ULPURDPSEBIZZENZRETVWADIE—HIZBRoNTWS. £
72, REIDIZ UDITBRAR 2 L S IZHEMFERE BPS IREBIZBE T 2 1EH 2 5 2 50T, K3 dhimica v
N7 MEEI N5 & OREE iz X T W58,

"u(T; 2) 1% Appell-Lerch #l & X1En 2 FREITH 5.
S[10] IERIEDHEREIEAR SN TS,
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4 S1EORAE

5D A LIKHBINTVAL=—VI YL VIEEVARNTIA - L=V VYL VDATHS.
RVa—BLTT YT I - A=V v A I DWTIIEBEFEN W BL2EIN & R o R E A
I NTVWS.

ZDEIBRMD S, L= v A vE FRIZUEZOBAPS) W%Ed 2 1 DOiEfik, BRI
Dh—2 %A MR X 2 HMRERZ 525, 5 WIFEMRE AW THZRL— Ty
A VERTILTHLEEZONDS. (ML oRMREASDOL DEERICHHEIZE > T, 5D
L=y A VOBREREDDIEND TR, BIRDL—v v A v ES LOMERZ R TE S
AHEERDE2 RO THD. F-ID0L5BMEEZEL CHREMBESNERT L Z I NS,

BRBIZ, BREE® (Ev2) EVa 7R WVWolzbh—r vy A VOBRME, ZZTEAT
SR o HEB LU O —E L LT [10] 2% THL.
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Conformal Interface in Open String Field Theory

RRZFRY BERMEHE R L A
NS RT

1 [EL®IC

AMZ2 T ld conformal interface L FHENZ A TV =2 b %, KRV = v 7 2Bk DL D5 OB
T& % Cubic String Field Theory (CSFT) IZE A9 % 5i%%Z MG L. Conformal interface (Z &>
THOWHMRO LR 21T Z & 2 HKE LTW5, Conformal interface 158 (Conformal
Field Theory:CFT) T E 13 & DT, SFTICHWTHMS NEDIZETIZE>THETH S [1]
o UMU (1] CiEmI N AKX T ) —RY YRR EITTEATERWAETH D, X 51T interface
% topological & XN BEIFHIZERE L CTW5, SlEkRGEHS 2 ikl —M# 7 conformal interface
ENHRELTHED, 72 (1] L8745 /LT SFT T interface ZE A U7z, 282 T U(1) XFR
M: % F¥D conformal interface (Z DWW T DAFSERER 23T L 72,

PARTCld 2 T conformal interface Z#H4t L. 3 E T interface Z SFT IZEAT 5 kL ZD
FERZRNRD, AFETIEF LD ESBRDEEZLBXRS,

2 Conformal Interface

Conformal interface & & conformal boundary (D brane) % FRIZHEHR U 722 TdH %, Conformal
boundary condition (&R )V F —HEE T > VIV T(2),T(2) WERETHERITKHT 2 L\ 5 &AM
THZ5N5Y,

T(z)=T(2) =0, (z=2) (1)

CDEMEEBEOTEMTI ALY —EBET Y VL ARSI S LSS BT 354
EZBILITTE, BREBLUEREAZZEZDZL VWS Z DT, BREZBATHI SMNZE
CFT(conformal field theory) 2’M#{Ed 5, £D CFT & LM & ZRRLHEmTHEDL W, 5
BEEPEHEE TREICERS CFT BREHINTWS L, TNFh%E CFT; & CFTy IERZ

235, HETPHERTHEALHEDEL O IO LS EHET L2 CFT, & CFTy, DT 3 )L ¥ —&
BET VYN TYHz2), T?(2) \ZE ETURORMLHEI NG,

T'(z) - T'(2) = T*(z) - T*(2) (2)

Z DEMENE F T R ILF —EHBIE T VLA KB USRI B E T AR AE R L T
W5, ZOEMO LI ICHERENEEZE -/ F TR L MHmZAED ELEL - RTCDA TV 22

 NEHFT LD Rt OIS E E X B, BROBH 55 A ILER L EH (Im(2)>0) LOYEMHAEE X
BiRdsEE e $ 5,
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k % Conformal Interface & FER, BAtE. CFT; & CFT, %L D &4 5 conformal interface %
BT UT Ly 8B, MR (2) 1 virasoro 20> T (LY — LY,) o = Lao(L2 — [2,) £#<
ZenTEBb, M, 2 EUZBITIX (2) & Qlflg = 112Q2 EWVWIFMITH B (: B LD
interface M I'— A F%Bﬁ’i’%ﬁﬁ@‘é)o (2) DGO L LT, SBREHH T =T 72 = T2
L. EAE—RAEE : T = T2 T = T2 D=2 virasoro BMEFT BN H 5, 558K HR
IZ CFT; & CFTy 2345 %ﬁj‘%xﬁ:fiﬁﬂi I% conformal boundary (2725, H 95 —2® Left mover
& right mover 2373 #f 9 % interface % topological interface & FES, £ ETDHNIEX, topological
interface 135D interface IZ XD 5 R WIR D 2 DA E 2 HHIZE) A U T H HBIBE O fE % 28
AN WS WHEZRDDTH S,

Conformal interface % virasoro DfRFRMA: (2) ITMA T, BEITHIMEZRT Z A TE 5, Hi
ZIXUL) BF J IR U T JHe = £112J% %729 £ D% U(1) preserving interface & I3,
Conformal interface M 73 %% conformal boundary D3 FH KL D HEA TWRWDZH, WFREZ RS
ZETEREEZRDDZENTEDHALHD, 6] TlEe=1D7 Y =RV VRO U(1) preserving
interafce IZDWTHFHRT W5,

o)

fmznexp[ (SH{al @, — SljaMl a2 — SHEaY, + siaa?) | I (3)
n=1
IK~BK \~1J ~BK ~2J
Iy = Z )S1BP” " RIPIL 20— 52 2r(—D
pt p?/

ZZTa¥ IZ CFTy(a = 1,2) @7 ) —KRY VORE 7T, [IXREDORLERT, 175 Sy °
Do St SIE = 0pe67 BT & E L (3) IXEEHRM (2) 2T Z LD HEDPDSHND, Sy =
Soo = 0 D & Z I15 1X topological interface 12785,

I15(3) % boundary state WZAEH X ¥ TH 7272 boundary state Z/E5 Z &M TE 5, /272U
topological T2 WGEIZIE—MHYIZ interface % boundary state I(ZA/FFH X E7- D MEZENT &
FHAEL B f:&bflz,ﬁﬂﬂjﬁ‘/ VBT 72 5, [6] TIE U(1) preserving interface (3) (2% L T boundary
state ~NDOIEMH & IERIMLE & O TEARRIZKRD TV S

% 7z [6] TIX U(1) preserving interface [\l +: % @li& (fusion) T THr 7272 confomal interface
ZED HITHAIEENTHW S,

Conformal interface 2372 % boundary state D] & G435, DF b E4 % BCFT 20>
\7 % Z &%, interface [ 1:® fusion REZR E1E, ¢ =17V =KV VRD U(1) preserving interface
IR 7B TldZ W\, F 7z, conformal interaface @ fusion HHIiZ CFT DRFRM: X RO % (KB
LTWAIZEDBHIGNTWS (2, 3], Conformal interface 13k A 7Y =7 hTldk7 <, (B)CFT
ZRSHFET ML 5EDTH D,
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3 Conformal Interface in OSFT
RY = 7 2B HEER O DY O MERT & % Cubic String Field Theory(CSFT) OB /2K %
QU+ T +T =0 (4)

ThHZOoNE, TITU KOG EMIENFE B I N Xo] Z5IBUZKRDNBIETH 0.,
Q I ZHFE OHERD BRST Bff, AX —F +« I DDRDEGL SH - RO EELHETH 5,
B SR (4) OFRIZBROIREN A X7 MVIZHEIN 2 ERFEF OGO BZEMHEE 5 2 5,

T, HUBRST Efiis K MERDILDE A, B2 LT

QI°=1°Q (5)
I°(A* B) = (I°A) x (I°B) (6)

%72 AT 10 &2 BARRICHE S 5 2 & AVHERIK, B G (4) O Z IR 2 IZH S B 1A
RoNI elTihd, FBAIEIDI° 2% (open strng-) interface TH B LHEHP L TWBE, DM
H11Z % 2 T interface & % BCFT 225 #7425 BCFT "B T & 23 5 L ik X720, F XIZH
WOWMREZERT HL VWD ZENZNICHIBLTWENSTH DS, 72540 (5) 1% open string
& closed string D&\ % [R1F X Conformal interface D7z 35 IZm > TWBE NS TH B,
BRSNS 10135 2 Tk X7z interface
ZDHDTRIBZNI L ZW>THEL, H2ET ok
iR X7z Interface 1EEASLD LIV ~)V b+ 22/ ‘ N
MT2H0THH, I°IZFKD IV %2 ¢ * — >
IS 2 6 D720 572, BB 1E A R ’
XH 572D 1% Interface Z BEFUL < ABE) X T
B B EOGADEMZRD LTINS
N, ZOEKTE 2 3D interface % closed
string interface & FFCX, BHILIZ/EHT 2 D% P Y
open string interface & UTKA|T 5 Z L1275 r N W
%, closed string interface & open string inter- ! ! :
face N3H74 5 Z Lid, HIAIE NIV CFT & {k> | pgas
7= £ FHER S % 2 X 5 topological interface

ZRZED B & 51T, BIE IR IOV B ZER i ) Shaniro Th tox BEZBE

BAEZ VA, BEIF LI NEEE R igure 1: apiro- L horn vertex : A

Higiwﬁﬁfﬁ”a2>;;§#§%*f@mwo=-ﬂw—nﬂw+wﬁ*0hN@=
> e 2 <2 (w—1/w)/2 D+, Closed string state ¢. & open

> TH A DRIEIFEERID closed string in- string state i & Shapiro-Thorn vertex @ NF#EI%
terface 7*5 & D X 512 open string interface & (y(1c,20)|de), )02 = (h1]de(0,0)]ha[¥[0]]) THZ 5
WMA(EHR)TEhEWS ZLizh’, LTl N,
A U7z open string interface 737z LT (5) 8LV (6) 27z LT W\WB DN EMHERT 5,
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& ZATHXEOY O HRIE T2 i % F < 720 L 72 BCFT(BCFT)) OB - TH
NTWB DY, JERRE D Bl 43 55 h 3k L 7242 < 54702 5 BCFT O #HiZE NG L TW\W5, BAsZDEHO

B U YNE LTV BOFT OE#HZ K E HI9I12id [4) 1ITi€- T
1 _
) B =P @
ZEHA L TANE XV, ::fcot;t: xbtm& R, P AZBAK D L RV < F A 7 C
Hb, UHED RS IIRE)B Xt % conformal boundary state (278> TW5, X

HHZB{4 % v 1% Shapiro-Thorn vertex [5] CIpEH, BRE PR DRI H o %525
HETTHD (K1), T THEBERX (7) £V open string interface ZIRD XS IZEFET H I &ITL
&9,

(Y(Le, 26)1°(1e, 2¢) = (7(2¢5 16)1°(10, 25) (8)

TR 1, X2, 11 FHD closed string ¥ 2 & H D open string 25 L. [ U F <V IEHIZ AL
LRRET D, TDXIIZI°%#EHET S & closed string interface 1¢ 7 BRST &Efif & R g 5 Z
& J 0¥ Shapiro-Thorn vertex OMEE (v (QClosed + Q5P™) = 0 25

<7,(207 Lo)11,Q3 = <7/(2c> 1) Q117

MEZ D, ZHIIMEED closed/open string state WAMPINSEHA L THLHK D DA TH B, 7z
Shapiro-Thorn vertex %% open string &  closed string @ off-shell Z#1% 5| & Z 3 DT, LD
Rl (5) #RLTVALEMLT LWL b b,

[4] 1= K 111X Shapiro-Thorn vertex THIIXD diBifif ¥ & gravioton vertex state % ffi b &t
726 DL D brane & graviton DfEEZEZ G525 L HEINTE D, §74H5 D brane DRI T X
VWX¥—%2522% (E~ (7|¥))0X0X),

L 72535 C Shapiro-Thorn vertex Zi# LT (8) DL D IZ [ ZEH L THITIE, V=P DT
INF=ZIEDPBLUZEDHLUVWBCFT DT R LVF—ELLZ>TWADTH D,

IO T BARIICHERR T 5 Z PR T, BIZ XS 2 THIF72c=1 7Y —KRY VRD conformal
interface (3) 25 &

K © 4
1° = Impie ,  I%™P = det Sa1 exp Z ——a(,l,)lMagf) I
V1+ 5 — n
1 d*k S 2 2
S+S™ T [ oMbk, K= 30 Kok
n,m=0

PEOND, Ky, & Sy B &0 Shapiro-Thorn vertex (28 £ N5 EBIMKTF T 5, 1P A3 topo-
logical ¥ T LAY = LIPL2 %72 U (5) B $ 5, HIZ 1P % (6) 223 2 & D
DoNd, fEoTIP IFHMREEZERT HHATIZR>TWVWS,
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AN K BT L virasoro kiR B IR E S, o T (5) 2T\, £72(6) D
O TWRWZ e o7z, BiE Ky, 3FOEETIEREHLTED, (9) FEAKTL»
BNZ e o7z, FEDEK I non-topological DA 1T interface % Shapiro-Thorn vertex
WCHATIZEH S8 2A12H B L FEZ 505, Shapiro-Thorn [Z/EH I % Z & 14 interface %
BERANMEHIE L2 L1245 LM TEZ 2D T, closed string interface % boundary state (ZfEF
SHBBIZEAMERBESL 572K 512, ZOGEELEYREAMERBLELEZEZ SN,

4 FEHESEDODRE

SEZ CFT DA 7Y =2 N TdH 5 conformal interface % FAIEDIGDMERTH % CSFT O f HiLfif
BRIZHER 2 NS T AT 7 28N Uiz, £BEMIZc=17Y =KV VRO U(1) preserving
interface IZEWTZEDT A TTHNED LS ITHRET 2 DN %Rz, £ DR topological D6
WZIE A O L 2 AT B A T 2 B T Z 7205, non-topologiocal ZRIHAFEHL L. IEHIME
PRERZ Ehbh o7z, ZOFEDEIAIL conformal interface ZEAANE S H > TIT %2 H
fiffd 5 Z e CfINB LHFLTVWS,

%#%. Topological DEGEIT 1° DT BRAS, A LIZYERHIZIE U W RGNS 2 BED D
%, FHZ (3)IBWVT Sy = 82 =0,812 =1, =—-(1-F)/(1+F) OE&E2ERL, Z
@ interface IZ Neumann SR EAED S U —ERG DA - 72 BCFT ~NDZHi% 5.2 5 interface
2785, BRI RS D A - 7-Fk D5 O HL#E X [7] (2 & > T boundary condition changing
operator Z o THEIZHEK TN T WD, FEFEULEFEESITL>TRIZBWTHEARD X F AV T
077 ANVHHARSNT WD, ZOMREHHTE L0 EI P2 SHRHARTHE W,

c=17Y—=HRY>VRD U(1l)preserving D& D non-topological 7KL Z 5 FER D I HIL
DIRPT UK, RIZ SU(2) preserving 72 interface DHED [0 ZRKD7-\, TN Te=17V—
RV VRIIKFHETEDNSTH D,

Z T Cl& Shapiro-Thorn vertex Zffio> 7z [° DEFREZ(T o7z, ZHIFHAEFRITHERL TV
0T 7ZH3, MHBIREE E L COEHEB M L 72\, Non-topological D& D EHIMEOREIX, HH
BB E LTI ERT 202 RkDD Z LITEBRELTWS,
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Gsm = SU(3) x SUL(2) x Uy (1) ODBEHRITET 214 INVG TR Ind, ThodD7 o
WIF VRO ARY MLDREOIEH T RERIL, F UM L ONHEFREZEOHN 1 TV
WEHOERBHE (redundancy) 2F>TW5 I & THD, TNODEMBL A1 TG,
BIXNFE Gew = SUL(2) x Uy (1) DT, ¥h (a = q,u,d, bive) (j =1,2,3) &RT &
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5= = (u)p BEOXY v—EH ) =\ = (d))p THRING, £ T b UEOY
B, EFEE EH Y =) = ( :Jf ) EFOT Y T —EH ¢, = = (vj)r BLOK
. . J L
oy —EIH Yl =\ = (e;)p LEINBEDTH 5, |

7 TV I A VBOERES L 7 — VRBERBA DT F TV aBEE. A1 T P (x) &

TS DI Pl(x) = v (@) B EUT — URTREE Gsn BT BB/ D, 1Tk 5T

3
Lig=) Y dh(a"iDuh(x) (1)
1=1 a=q,u,d,l,v,e
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HNZPEHT %, )
GIEERDS 75 vy aBElx, by 7 A ¢ &, TOHEY ¢ = ing* ZAWVWT
3
2,J=1
THASGND, B a\Y 1 o ith, £fi & j CHEMICKIET 2 ARNBTH 2, TN
MEAFERPREEL TWASRMEBBEAE (plethola) TH 5,
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T RO = Ly — ) I ko THRERENB T — L VY EHITINIC & 5 T, TRT
DAA FNVEDPERINS Z LIZFERLRITNXR S v, Zhid, Coleman-Mandula (CM) &
BO—ITHY, NFOBGRMEEOH L 05,

Bexld, REEBCRZEDRKNIE TSM BEET 201 T VG EEA ML 5 UTID S
FHEIZH D] LR, ZORDOFERZID R 7212, ZHIZEET 201 I VI5E —DICE
EHETTH UV ZEAT S, T0bb, EBENRETHEINGE a=q,u,d l,v BX
e DZBEEALINENE O (j=1,2,3) 25, BTFD XS ITHERZ ML

(o
U, = (¢§) (3)
by,

ERR L. ZhE a- 347 Y R (a-triad) &84T 5, 6D 7147 Y F U, (a = q,u,d, l,v,e)
WEIET 5,

()R BLC Q) RTHREINZ L5, F—VBr by 7 2Bk, EET 201 T VRN
B e AE 2 B BRI B, 2 2 T4 1k SM A EE (LT B o1z

TVt ey F 2GR A4 TNVEDOHTIERLS, FIA Ty Foda—L Y
SEME B KO — WM B UAE S CHEAEHT 5,

£\\5 EEE (Ansatz) ZiE <,

(3 X 4)-RITEDRY MVERZERD NI4T v K U, 12k, THI/EHTS22) 74—F -5+«
7 v 2 (CD) ¥ Aq = (Th) = {I3g4, Th, Z6",T5TA, T, =DOTAT202 Y MFIES 5, LT
ThEAVYFLDT 1Ty 7B A, DAERTE v# RIS, KR HREIR

FgFZ + FZFg = 277“”[3@4, (Ig®4 =I3® 14) (4)
2729, bIAT v R Uy(x) ITEATHE— L Y BEITHOE K13
DAY = 5 (DALY = T4L%) (5)
LEHZEIND,
BT AR CM BRI &L, b IA T v R Uo(z) MRS 201 S VEMBIETAT,
o LXK S THERINDGEHEZZITE1 5, TH = 3@ o™ TRIFIER S W, iz, CD AR

B oA RE Th 1XERR
LATY, —TyTh = I3 @ (YH9Y —4"+*) (6)

728, RASHABALR (4) & RHBEAGR (6) 2o, CD REDAoG Th A3 9 iV Sl

ATy, = I3 @ yHy” (7)
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Iy = (8)
ZIZT Y, & Zo ik, NI4T Y R U, O=RTHNEBZERIEAT 2 3x 31745 THE, ZDH
FrIATYFTL (a=u,d,v,e) DRBIE, FTV T4 —HET Ly & Ry BEAT VRV I
LB RZ o T\0Wd, Zhik, EAGOIMB L NEEEIXERTRI NS L FiRkT 5 CM E#
KRT5E51272%, L, BLFOD (10) & (11) THRASND 510, EFT T kb1
Ty RBEZBBEOHTHEDF TV T4 —DANHFINB 720 (8) DFEBLIT CM EBIZK L7242
Vo MR (7) BT TERT DL O Y, 1

1 0 0
Yo=| aa 1 O 9)
bo ¢ —1

EEDOEND, TIZTay, by BEY ¢ BMEEDEERTH S, Z, LD T =MAIFHTH 5,
Zo LS iniEs N CD REET SM 2EER I NS, T4 7y NOEEET ey s
GBSO = VG OB IIRNT 5575 vy aBEiX

L= Y TUa(x)ThiD,Tq(x) (10)
a=l,v,e,q,u,d
L2655, ZOBEDRIEZ, TOTh, Ly BLUO R, I2&-> T, BEEOAERTT Th 2&T,
Bz, &R () sk, (1) X (10) RO O DOBEEIREMTH 5, .
by Z AL NI4Ty ROMBEMAEZZET 272012, (2) ROBED P g7 12i:H U &
5, ZOHEEEANIATY KUl & U, ORI NI 0—L VY RERIT, WWWW_WT%W
BEO UIGrOw, o FEAEAET B, BiE . BEITHERES T2 5 EEHO % kM %
Uk B HR T ES, ZOMmTIR, BEOXA TERHAL, v RABEFIAT Y RO
MHEMDZ 72 vy 2 8E X
Lur (=Ly) = guUior00, + ga¥loT90, + g, U[oT0W, + g UJoI 0T, + h.c. "
11
= gu\ijq&yu‘llu + gd\i]qqsyd\lld + gu‘i’ed;Yu‘I’u + ge\ijﬁﬁﬂfe‘ye + h.c.
THEZONBLIET B, ZITy go LY Z 2B oo F 547y ROMEERGETHY, %
72 Yy & (9) ROMEEAETH S, ZORDRBEDITT, 7¥VaA Y MMIA4Ty FIZHT 5
WU, = U0 ZHWE, COMEREFBEDT R TOETFEEO LT T 25T,
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ZDOMIAT Y FEAOBOMHTH, @ED SM EHEEkIZL v 7 AEEDF &4 LT, by
T A EEIRHE (0°) =0 2HEBTELTE, VU —LAVOEMT, HE (11) 75 a-k
X — (a=wu,dv,e) DEETS]
My = maYs, Mo = gav (12)
WEONSE, ZIT. My 1T a2 X—DEEATr—LVERET S, “RFERELBFHIL VD
RETIIERES 57201013 Mo MLz 2 EAERE % #2721 iE 7 S 720,
OOCR N\ = 05 & A= ZBAL, Y,V (T 2 EAMEEEE#L. BELERR
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THYH, B p & ¢ X (9) ROTINTEENDENRTA—R—TIE 5, ZOROTHIHIZIEH L,
WEBBOBEGZRS My =1 2185, W2, a-2 2 XR—DEBEAT — LM

Mo = e'nlaana2nla3 (14)

LEDOND, BVAAARREZHANT Z RV VOBEAT =)V (my = 91.2GeV) I[ZFHEEL
-EREERATEE, ZOXDSHER FOPIEEA T —)LE LT

my = 513MeV, mg = 77.3MeV, m, = 44.4MeV (15)

2135, ZNoDMEEBBRR my = gav (v=246GeV) IZRAT B L, LY T ABEINIAT Y
R U, (a=u,d) ODMEFEREH g, DREI %
lgu] = 2.09 x 1073, |ga| =3.14 x 1074 |g| =1.80 x 1074 (16)
CPWET B ENHEKDL, TNSDIEINNI W ik, BETHZ V) — L)L TRD B FEN
EPLE L TEZYTHH I 2R L TWVS, @IROHIEIZEELMTRD SND,
HETH (12) OBMMEZFANS 72012, |p/ql WS WE UTEAEZHA (13) 2EET 5,
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ZENTLIEVHIRD, 2RV VOEEBAT —VIHEUZEREEZNRAT S L
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m + 3(mymemy,)3 mi + 3(mymsmg)3s
e, Ty TBEERT VI — I HEICH U TEEARDPRLSED Z e HBHL 72,

Bexld, SHRICEET DA INVEPSHLVRMTHS 7147y REMEL, 2honr —
Uity JAGEMEERT S EEHE LT, SM 2HEEAMLLz, ZoHLWEATIE, (2) X
& (11) KOMNEP S0 5 & 512, B)IIEEIEHOFREEEHA 4/9 ([T T 5, by 725 E b
FA47 v NHEEHOMTSH % (9) ADITHERZRET I121F, 74— 7 HEOEFRETI %
ZRLURITNIER SN, FWT, VMU U THROEZER 2T 208N H 5, EIROE
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Domain Type of Field Equation in AdS; Spacetime and Related
Problem

College of Science and Technology, Nihon University
*Junior College, Funabashi Campus, Nihon University

K.Aouda, N.Kanda, S.Naka, and *H. Toyoda

1 Introduction

The non-local field theories proposed by H. Yukawa[l] are on two tracks; the bi-local field
theories and the theory of elementary domain. The former is known to be reduced to a theory
of relativistic two-body systems[2], which can be said to have a simplified structure of the string
model. The latter stands on a more drastic framework, in which the field equation for an
extended object has a form of difference equation instead of differential equation such that

N = e, (1)
where (M) and S are respectively a timelike vector and a scalar operator constructed out of the
dynamical variables of the object. Although Yukawa’s domain theory was aimed at overcoming
the problems inherent in local field theories, there were less positive results in this direction. This
is due to the reason that the field equation (1) allows the ghost states; those conflicting with the
causality, unphysical energy states, and so on. It is difficult to regard the fields characterized by
Eq.(1) as elementary fields; however, such a type of higher derivative field equation sometimes
appears as effective one in elementary field theories. The purpose of this work is, thus, to
investigate the domain type of fields obtained as such effective fields out of some elementary
fields in IR brane, which shows a new viewpoint of the strong force in IR brane.

In the next section, we review the previous paper[5] to provide the setting for this work.
In this paper, the key was the introduction of (0,5), time and extra dimension, mixing in the
coordinates of a particle under consideration. The (0,5) mixing can be understood by two ways:
one is to introduce time-dependent extra dimensions, and another is to consider a self-interaction
of a particle in a fixed background spacetime. In section 3, we discuss the latter approach to
(0,5) mixing through the interaction between a particle and a massive vector fields in the AdSs
spacetime. Finally, in section 4, we study the role of the domain type of field equation relating
correlated fields in IR boundary with strongly interacting fields.

2 Domain type of fields in IR brane

To describe the particle in AdS5 spacetime, we use the local coordinates (z) = (z#,2°) char-
acterized by the warp metric (gz5) = (e 2Mn,,,, 1), (g, v = 0,1,2,3;2° = y), in which the extra
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dimension is assumed to be the orbifold with y = —y = y + L. Then in terms of the particle’s

proper time 7 and D = i (= %), the action of the particle can be written as

So = ;/dT {ig,;,;DxﬂDxﬁ - (moc)Qe} , (2)

where e is the einbein in 7 space. Varying the action with respect to e, we obtain the constraint
% = g™ pups+(moc)? = 0 with the momenta {p;} conjugate to {z”}. In the first place, for the
sake of simplicity, we consider the case k = 0 corresponding to the spacetime My ® S!/Z5. Then
in g-number theory, the Green function Gy, = (xp|(pup* + 133 + (moc)?)~t|z,) in the functional

space ¥(z,y)| = 0 can be shown to have the structure[5]

y=0,L

[e o]

Gra= Y [K ((@a)®+ (2rL+21a)?) — K (Tpa)® + (2rL — 5a)?)] , (3)

r=—00

from which one can verify the periodic properties
Gba(-fbaa Ybas yba) = Gba(i'baa Yba + 2L7 Zjba) = Gba(fbm Ybas Zjba + L) (4)

Here, we have used the notation fou = f» — fa, foa = %(fb + fa) for (z*,y). In this stage, the
propagations toward z° and 2°(= y) directions are independent. However, if there arises (0,5)
mixing such as the rotation of the S circle that causes the modification (D) — (&H, 5 — Bz°),
then the arguments of the Green function will be mixed so that (Zpa, Upa, Uba) — (Tbas Yba —
ﬁ;iga,gjba — Bisga). Then, because of g5, = 0 and %, = L for y, = vy, = L, the restricted

Green function on IR brane G, = Gbal _; becomes a function of (Zp,, #) ), which satisfies

G(z,2)) = G(Tpa, T, + Lg), (Lg = L/%a).:yfn terms of Gp,, one can define the effective field in
IR brane
F(®q, xp) = / d* 2 Gpa(Toa-Tg) Pa(@a).- (5)
Here, for example for ®,(x) = 0(p°)6(p? + (moc)?)pa(x), one can verify
eLs 0l Fld,, 2] = /d4$agba(xba7fga)eLB(ao)a‘I’a(xa) = e_%gb]:[(ba’mb]’ (6)

where S = /p? + (mpc)2. The F[®,,x] is a function of zl and a functional of ®,, which
satisfies the domain type of equation (6) under an appropriate choice of the initial source ®,.

Next, for k # 0, we have to understand (Dz?) = (i, — e *¥340); and then, the wave
equation, the g-number counterpart of 55% = 0, can be represented in the form

A ~ 1\2 mocC\ 2
T 2 28 _ < v — kY < KL _ () _ ("¢ )
{p P+ Pz — (hk) Zz}‘l’ 0 <1—Z erse A (2) (hk:) ) @)
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This means that for the mg satisfying A = 0, Eq.(7) becomes a massless Klein-Gordon equation
in (z#, z) space, in which the Green function Gy, can be constructed in a similar manner in the
case of k = 0; and, the domain type of equation (6) again holds. We note that A/z? ~ 0 in the
almost all region of z for A < 1; that is, A = 0 is a good approximation of Eq.(7).

Finally, we note that the Lorentz non-covariant form of G, is not so serious; indeed, this
problem can be removed for a particle having dynamical degrees of freedom other than position
variables. For example for the spinning particles, one can construct a timelike vector V# out
of spin’s degrees of freedom; then, the Dz” in Eq.(2) is modified so that (Dzf) — (", —
e_kyﬁ:t“Vu). Then the time-difference e24(%)t in the left-hand side of Eq.(6) is replaced by the
timelike directional difference els(V-9)s, (V = V/v/=V?); the resultant equation gets closer to
Yukawa’s domain equation (1).

3 Massive vector fields and (0,5) mixing

Until now, the (0,5) mixing inducing the domain type of equation (6) is attributed to a moving
extra dimension. However, it is possible to make reduce the (0,5) mixing to a result of the
interaction between a particle and a massive vector field. In order to see this, let us consider
the action of the particle interacting with a massive vector field:

1 0 o 1 ;
S = /d5wv 9 (—49“”9”"1’;191’/3& = 5 A MM A — Aﬂ“) : (8)

where J#(x \F [ d7604) (2 — x(7))#"(7) is the current of the particle. Here, we assume that

the mass scale m is very large so that the kinetic term of the vector fields can be disregarded.
Further, the mass matrix is assumed to be

aO

a (Il
M= [ 5] e [B] L @ <0, )

a3

Then one can solve {A;} by {.J;} through field equations 3 05 53¢ = 0; and, substituting the result
for S, we obtain the expression

1 e (bN A .
SG = 5 /dTe {m2a2$” + 2m2\/_7a2$y} 5 (10)
where we have put edr = da®, i = —(i-a)/v—a?, and X = m90025( )(0). Then adding S¢ to Sy

in Eq.(2), the resultant action becomes Sy with Da® = ¢ + e kyﬁxH with Be ™ = —b/\/—a2.
Therefore, the (0,5) mixing is reduced to a result of interaction between the massive vector field
and the particle in a static background spacetime.

64



Soryushiron Kenkyu

4 Correlated initial states

The property of the functional F[®,z], which reflects the structure of the extra dimension, is
determined depending on the initial state ®(x). As discussed in section 2, the on-shell initial
state ®(x) = 0(p°)d(p? + (moc)?)é(x) could lead to the domain type of field equation (6). In
the case of off-shell plane wave e,(f) (z) = e*@=a)/, /(27)4, the momentum representation of
6@ (z — a), the functional F [e,(ga),x] does not satisfy the domain type of field equation.

The definition of the functional can be extended to a bi-local initial state ®(z, ') by

Floz,2) = / d¢ / G2, )G (o €)B(E. ¢, (11)

which is reduced to the direct product Fl¢1,z]Flos, 2] for ®(z,2") = ¢1(x)p2(z’). When
®(z, ') is a correlated function of ¢ (x) and ¢2(2’) in some way, the situation is fairly changed.
For example, for the Gaussian wave packet e,(f’a) (z) = e_%7ﬁ2e§:) (z), (1 = 0/2h), let us define
the correlated wave packets by

4 4 1.0 d d
(~08) 4 oD (4 o _/ d’k UG PRCES Y :
e\m72) xe\ 92/ (x, 1) = e x)e,, x)C(k, k), 12

( ) \/(5%51 \/(i%jz k ( ) k ( ) ( ) ( )
where C(k, k') = 20(120)9(12:0)5(12:2_) with (k, k) = (k+K,%(k—K)); ie., the correlation con-

strains the relative momentum k£ so as to be light-like one. Thegl after a calculation, the
momentum-representation functional .7-',;(500,;1_0) = fd?’avze*ik'i}"[e(_”’i) xel2): 1, 2] with 29 =
d® = 0 can be shown to satisfy

N inp - L
Fo(i’ + Lp, @) = e o5 Fo(2°,2) + O ((f) (R=|z —d|). (13)

This is a domain type of field equation; the area law in the phase factor implies the appearance
of a binding force between the correlated particles. The result contains an insight for the strong
force in IR brane due to an effect of the extra dimension and the correlation. Though it is
necessary to make clear the meaning of the correlation, the further analysis will be interesting
and important.
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ARIRTT (co-dimension) 2 DYUKATH O, T OHEEIIFEIZ 2 DDREEMKFNE 2R >, The 1 1
I, 1 DDA 2 ORI DS S b IfF S NS DY, EBUTHBE LR O HEE) T
RNz oLd5L, E5UTHEMEUKGEN2DE-TLES Z D05, /EoT, Wit
SFRMED 72 N P2 D ZAMTIE T ACHEA T X3, DS 7L — Vb ENi v, Lo L, EIFHEE
HHER % — & DFT N & HRE T AUE, FXMERNTELRS T T L2 EHI o5,
> T, DFT@%abfiD87v VIR RERTE S [8).

DFT 28155 D8 7L — Ufld, B O 1A BHHE R CTEA I N5 10 IRITHFZE D R 2™
PIAMZ . RO ERE 7,y & FRIEIN 2 R 70 BT HAT T 5 726D, 3@ D 10 IRoE TTA B ) B R O fif
EUTIHEMTE R, 72720, ZOMHAFMH X Ramond-Ramond (RR) D HIZ O = m 7gda®
DI A>T WBEITTH S, #E->T, EEARERDOFTIZ. RRGIZMOWEHT S Z
& TR BIEAN DT D 72ARIFME I A, B m OADEKD, T5LU T, NIA—=ZmIiZL AR
IN-EENHEROER HEIXDE SN, 10 IRTHZEDETIX, D8 7L — ik mass B S h
7= IIA BESEBENBROBE L U THINTE 5,

3 TL—Y&UWH

EEGEIRER I, T SO MEZ2 — At U 72 U SO & FEEN B 675 EDH D, (n— 1) IRGE h—F AT
a7 Meh i BEEEROE G, U BEIRBISME B,y 2789, T AEZE#A Dp 7L —
VEDp+1) T — VML O L AR, USGEHEZHATS &, D 7L — ik 2N %
FFOUMRAN L BB INDG, EBIZ, FIZIXTIRGTE N —F ATV R MEE 7z 1A BEE R
ZIFAET DA N OYIMERDY, U BUNMHEZEBO T THWZBRO Z 2R TE 3 [7):

F1,P,D0,D2,D4,D6,D8, NS5, KKM, 52, 53, 54, 6}, 43, 25, 07, 70 52 g0 10
6(2,1) : 4§2,3) ’ 2&2,5) ’ 12 : 0511,6) 7 (1 0,6) 54’ 4(1 3) 3(2 3) ’ (3 3) 1(4,3) 5(1,0 3) 4(1,1,3) (1 2,3

)y T4 ’ Y4 4
1,3,3) 8511,0)’ 64(13’0), 4515,0)’ 24(1 )’ 22’ 2é2 4)’ 2&4 2)’ 2é6 0)7 1&1,1,5)’ 1(1,3,3) 1(151) 2(1 0,1,5

1,0,3 3) : 2é1,0,5,1) : 5£(31,3) : 5g?),l) ’ 4é1,0,4) : 4(1,2,2) 7 4(1,4,0) ’ 3g2,1,3) : 3é2,3,1) 7 2%3 ,0 4) 2(3,2,2) ’ 2(3 4,0

3) 1é1,4,2) : 1((32,4,1) : 1((33,4,0) 7 3((32,4) : 3é1,2,3) ’ 3(2,2,2) : 3é3,2,1) ’ 3é4,2,0) 7 2(1,0,2,4) : 2(1,1,2,3) 2(1 2,2,2
2&1 ,3, 2 ,1) : 2(1,4,2,0) ’ 1(77,0) , 1$2,5,0) : 154,3,0) : 1(6,1,0) ’ 3(1,5,0) 7 3(73,3,0) ’ 355,1,0) : 2(71 ,0,0,6,0) ’ 2(71 ,0,2,4,0
2(71,0,4,2,0) 7 2(71,0,6,0,0) ’ 2(74,3) : 2(72,2,3) ’ 2(4,0,3) ’ 2$1,1,3,2) 7 2$1,3,1,2) 7 252,0,4,1) , 2;2,2,2,1) ’ 2(2 4,0 1)
2(73,1,3,0) : 25373,1,0) , 1g,O,O) 7 2gg?,O) : 2é2,0,5,0) : 2(84,0,3,0) ’ 2é6,0,1,0) : 2é?),S,l) : 2é1,3,2,1) , 2;2,3,1,1) : 22(33,3,0,1) ,
: 2(1,2,3,1,0) ’ 2él,?),S,O,O) : 2(5,2,0) : 2S()2,3,2,0) : 2!()4 1,2,0) ’ :
2(2 0,5,0,0) 2(2 2,3,0,0) 2(2,4,1,0,0) 2(3,4,0,0) 2(1,3,3,0,0) 2(2 3,2,0,0) 2(3,3,1,0 0) 2(4,3,0,0,0)

)
2(1,5,07170)
9 ) 49 9 ) 410 ) 410 10 10 ’
2gll,ﬁ,o,o,()) 2(3,4,000) 2(5,2,000) 2%71,0,0,0,0)'

’:T\%M%M®ﬁﬁ 7v—y®%ﬁ%%wdwfwécm X, BARIIZ, YOI T

B2 FHSE S & Z‘O)'fl/—‘/753‘2:‘\0)7‘\1/——‘/015@32@573\ &\ 9 duality web %
FHET U7

)
)
3
ol )
24
( )
( )
)

9

1,0,3,3,0 1,1,3,2,0 1,1,4,1,0 1,3,2,1,0
p(L03:30) " 9(1.1320) P(AALO) | (132,10

9
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4 EFTICEIFDTL—VEBETTHIN-BEHIESR

HHE N Z2 DFT NSRS X, DET 2B 5 T A2 HWT D7 7L — VS D8 7
L— VIR T E =D L [Efk. EFT 2B 5 U AMEA#E2 v, EiZBiF 23Tt o 7
LV— e B ENMEIPERTE S, EFT 2B 5 U MIMHEZE#O FTED & 5 12 HE Bl
DBFDEWMIND N[ THERA SN TW/2d, A% [7] Tldk, ZOEWEHWT EIicZE1f7
TV = IZRES % EFT ek Uz, £/2, IBREBERS MERIIEITNEITL—IZo0n
TH, FARRIZEFTIZBI2EMEK L7z, SR LUTIE, D8 7L —rD k57, RIGEH 1D
YK (R A A 27 4 —)b) DFFIZE T OND DR EREANDE 2K F 2 B ATVWS Z L b
Motz, TDIZEiE, EFTIZET S KA1 U4 —)UED, TS DOER S Ni-EE R
DL UTIRITE S Z L 2RBLTWS, FEBIZ, [7] TEEDPD R AL VT4 —IVIZEHL,
DFT 2 EE&AF I - A BEEIHEGRZEH U720 L FAKOFIET, DFT * EFT O##) 5
BA»roZBRINEHHEADPEHTEL2 2R 0L, FLT, TNFNORAAL VT 5 —
VIR, TDERINIEEIBGROEEM e A b L 2iER LT,

AWGER 5, BE K DA I N/HENMRIERTE LI 2B br o720, — ik h-5
mDEIIT, TN DERINBEIHEGROMD, EBICEXHEmZE R T HIERMFEL LT
WS Z N TEL0OEHFARNL Z L35 BOBIKENEETH S,
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Semi-doubled GLSM for Five-branes of Codimension Two

HAR B LA B LA 5ET
A H L

1 ke BE

AERCHEERIZ X, HEABKOMIZE D 7L — 2% NS5 7L — 7k 2T IR A o Tk 2 ik (7
v.a#ﬁf?% %< DTV — VIR EIRTT L YWHADIRTE D 2 (RIRTT) ¥ 3 BAETH 0 Py
HEOMEELRE WO, EFEIZEL L OBRAMIPHEI N, 77— VR @%@Lﬁ%ﬁb’cméo RIRTT
MAUTDT L —VIFRRTIULED T L — i3 WG RIRD E W2 3503, 213 EHER
BEZH > TE 2, HlZIE, 10 RTHEIZBEWTRIRIG2TH S 7 7L — I3 1IB BEEH RO
EEGRZE R 5P (F H5) 284060, RIRGT 1 THE DS 7L —VIFFHEZEAL CTHmZ
DHD%ELEFT 5 (Romans massive 1A BUEIKHGER), RIXIG0 TH S DI 7' b — VITRFERMARIC
F—UHEREEAL CHMEZHIRT 5 (1 RB%HER). ZOXIBRIGE2UTFOT L —rvi T
FYF I TU—V IR (1],

10 Rl Z2 b —F A2V X7 MET B2, E5IELL DXV Fv I T L — U RHEH
T 5, AREHTIIRRTH 4 THS NS5 7L — 02t UTHZED 3 287 MU0 EEEE & o BUR
MEES, NSHIZHER G%E LRIV NI MET S ERRTEI T —rv b, Eoi2ay
N7 MET B ERRGE2 TV — 275 (Figure 1),

' /,x' ,\.1— ;
/- L
2D plane

3D plane
Figure 1: RIXIL3 7L — v (EHE) ERRE2 7LV — (GRIER) DR > TWARWH A D
ZERE, 3V MEX T BAR 7 74 X=EhTW5,

ZNTNOERIEZIRTERSNG (RADMIALD 720 3 282 Mud Bz L IZE):

1
ds? = dsfiogus + H [ds3p + (d9)°] H =1+, M)

codim3

A
dscod1m2 = ds%12345 + H[dsgD + (dﬁ)Q + (d(p)Q] ) H =1 + log . (2)

ZZTH I IZr THEZONBHHMBELKTH D, r IE 3D plane, 2D plane TNZNDJF iH 5 D
%%%ToAHEE#B@%WLﬁﬁémmﬁfﬁéogﬂb®%kﬂ/ﬂﬁkﬁé%tﬁﬁﬁ
% T-A49 2% &, NS5 1d KK monopole 720, (9, p)-filil% T-AAT 2 & 53 7L —reinbd,
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YR MESNAEITN S 5 87l E 2 FEl X, 8 5 BTl < iRty
HONWEZHGANS ZLHTE D, RIRTL3 D, NS5IZDWTOMIE I-FHICHIT S KK
E—RFDOEMTHS [2] /T, 9 % T-BH L7z KK monopole Bl TIFKDE S EETHT
HBIEPHEEEI NI 3, TNELRL T, RG22 7LV — Vv OYHKEE 2R T 5, ZhE
THAEJJHER [1]. double field theory (DFT) [4]. 5&DHEFHEBLER D & T 3L F —ffRE L TD
7' — VPG (gauged linear sigma model: GLSM) [5] 2% %, 2018 4EiZix, DFT 25 Z & T
HRE D SHREZED T? ~NDGM%E 5 2 2R ME A >V AR > b UHHIEDGHI & 1v7z [6] (Figure 2),

St fiber

2P

R‘d

codim-3 : R3 x S!

map

Worldsheet

o
RZ

codim-2 : R2? x T2
Figure 2: MM A Y A& ¥ b UHIE, 5O MG (f£) 7 5 RFE DRI 3 220 (G L) H 5\
RUOE 2 22 () ~NDEAE,

COMSFMHEA Y AZ Y b UAHIEIZ KD, HRgZE (2) OFFIREE H 3RO & 512745
H =1+ 1og% - 1+ log% + Z e M Ko (ry/n? + m2) . (3)

n,m#0
ZZT Ko I35 2FETE Bessel AEITH 0. (n,m) & (9, 0)-HAAND KK E— F, T-A3 40X
IhoDE—RNIZBSMNESETRERS,

FEEMIEDOE M ZFE L 72 DFT 1L R O A 2 R A Gl 3 2 F R R TH
%, [AEOKER%Z, ot FE EOMH e GLSM THEITE, DFT OGRMENE Sizm Ed
%, o TZOEETIX, GLSM ZEf#EE U TRIRIT2 7L —2 20 T-Mx, £ U CHRm~
VARV URHIEE Rl T & 2 HER OS2 FEIL U 2R (7] 2R T S,

2  #ER: twisted F-term - SOUZEHE - AT #9720 #815

SRR & £ 07— VR (GLSM) i28WT, HRE 1 > A& > b VlEfiik, 7 — VR
IZ81F % dynamical theta angle D’EEBE I ICGZ5HFE5TH 5:

Zinstantons ~ €xXp (/ 19F2> . (4)

70



Soryushiron Kenkyu

ZIT R F 2007 — V50 field strength TH 5, ZODIHIE 2] IZ& > TEEBEZHWTH
RIDEAIMINT WD, Fy DN5Z DMMHAZE (1st Chern class) WEZEDEFFKKE—RF& LT
WRIEIZHES T 5, Hxld, RIRIC2 TV — Vv OEERZE L ZOMIEZ, FkOBIGEA TS
Z BN EERT L, BRIIZIX Figure 3 1255 T? OEEIE (9, ) ~O KK €— FiIEZ 5 X

LIHZE AZETHIER:
exp (/ 9Fy + /gpﬁg) . (5)

By Wit r — VB Th b, MBEATIE, field strength & twisted chiral ##} ¥ ~ D.D_V T
BEZoNnd, INHITHET S (0,¢) b, HEGOMEIZEX D twisted chiral #3% © = o+ +. ..
THEAL6N 5, 2] o DBR/NEOILRE LT, (5) IFIRD twisted F-term OBEMTHEEINS:

/d2§@(z+z‘i), o+l €O, ey, FeX. (6)

ZOBEINE, RIE21278 572 NSHIZHLUTELS KK E— FOME2 525, HXIEE5
L T-R0F & 7z Fe iz (KK monopole ¥ 53 7L —>) 2B E L S Gl 37 2 MG Z L L 72\,
W 51X, T-AO X twisted chiral #5 © % BERI72 chiral #3512 Legendre 219 5 Z & T
WEnd 8, BAMKIZIX © ODEHTH2 9 IZDWT parity £H#9 5, twisted F-term (6) %
R DBEmIZBEWT 0 2 TS o HIEULSEHE 2121, Taf#y722) # % AWz Legendre 22
9] MWEHI NS, DED twisted chiral #3% © % twisted linear 5 L (ZE#1d 5 (L 1%
0=DyD_L TEHIND), WHEIF., IR L 2HART 5:

Lo = /d40 (- ;21542 ~2(R+R)V ~2(R~R)V ~ RL - RL). 7
ZZT R IBEEOEEZBLY, ZoEBIZELT L 20T
1 _ ~
L = —92/d49\®\2 - {/d206(2+z2) —I—h.c.}, (8)
PEoNE—H, R 2oL
L = +92/d49\L+2(V+ﬂ7)}2, (9)
BNEONDE, TNSIIKEEGER g DENPNKIETE2DTHWINNTHEZ hbhrbd, 727U L
AR RS TH B ORDILEHBEZ R D, BARKIZIZ L=X+W+Y DX SIZ, chiral 5
X, W & twisted chiral #%5 Y OIFEHTHEZ 6N5, V IFADFEZFD/ZOIZHEIFEIZFES X
N5, oo X & WIZOWTHly &liEp cEs) G %# 9 2, KK monopole ftfiid U < I
52 7L —VEMATELUL HHTES [7], X & W 2ABCAET 2O~ (2 LTESDH

HEDOAPNHEEIEZ RS 5720), Bx X OILRIZHE S 7 — VG % semi-doubled GLSM &
T B,
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3 HMHEmEmAVRY Y NUFHEOTEM

[2] DIEENZNTT B m/NEER (6) 2175 ERIRTE2 7L — VOB FRFELFTRTE 2 2 L0005
7z WP Z ORI D 7 — VMR &2 AW TR m A v AR Y b UIE R ST 5 kxR
R3, FhRO X5, =V Fy, [, ® 1st Chern class 231 Y A X ¥k VHHIEIZ D235 55,
INPHBLT BELALIE, 20t — VHERIZ B 1T D Abrikosov-Nielsen-Olesen (ANO) vortex Jif#
RCEHI NS (BOMEL LM [7] 2H):
{ 0 = FF (g 1), { 0 = Fse(pP -1, (10)
0 = (D1+iD9)q, 0 = (Dy+£iDs)p.

INoid BPS AN TH S, ZOHRERNIIVOSZEHETOMER (8) P A#BE DI (9) IZENEN
MNZIEARBETH B, L7zh > TIZ D ANO vortex BULIEZTNZTNDORIRGE 2 7L — Vg RIS
722z U T (3) [ARRIZES 2 FEATE Bessel B8 Ky 28U CTIROMIEER 525 Z LW HERTE /-
NS5 : T? EiZ KK €— NFHIE
KK monopole : T2 ®—5® S IZIF KK €— NHHE, fliio ST I121d% & & HidE
57—y T? RIZ&EN SBUEHIE

BT
RO Z OWEENLH B 20 5 DI £ > THASNTVET,
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A classical limit of Grover’s algorithm

A — BB
HAR B T

Abstract

AL, Grover 7)) A LD EHMMR 2 HRT2H L WHERZIRET S, Z OMHTIX
EFEOERGIZIEEFN R THIERPIARBENTH S & WD EiRE LT 5.

1 Introduction

Grover 7V 3V XL (1] IEHHMHR IV a2 — X —IZHRT, BFI Va2 —X—DFEHELD X
A=A LDRRICBVTEE LS. £F Grover D7)V Y X LDFEIMIZ A DA, & FHRERM
B2 IZDOWTHBIZHM L2\, 4, NEoEHE (1,2, N} O sk o 1 DDOER
ZEOCHITMEEZZ A 5. 22T, NEOEE»S 228 TR%E CN: {|i)}Y, LMKEEROH
AHUICHWSETRE C2: {|0), 1)} £ T5. #IHPREEE U CTIHIE L WHREFER o 28157200
DT, CORED M URERRIEZ R OIRE

N
1
— ) _ 1) ®]0) (1)
P
EHEADL. ZOYRE (1) ITMREFE GRS =8) —#HEA T
U=> |i)i| @I+ |a){a| ® X (2)
i#a

PEHIEAZIZLD, ZOKRELL T,
) ®)0) + ® |1 3
ng 0) vA)H (3)
EhAH, 22T, TIFHBAEE T, XYy b REEHE 7
X|0) = 1), X]1)=10) (4)

L35, ZOMRBIZNLT2O0& TR CYN & C? 2RFFRHIEE {|i)}Y, & {|0), [1)} THlET
5. TORERE LT, MPREOHEIZENT, %bﬁb#ﬁ)@#%% G570, ML WIREE
la) 2132 Z N TESD. LLEMNS, ZOHA /N OERTULY, Fhx OL \WVIREE o) 2315
LNRNI EIZRhD. INTIE, BEFHNREREDERENSHFEL TVWRIZE22DLT, |a)
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ZRBMERP1/N THNE, ZORBTFEHROMRIIHMREFEA LMK THD, EhbGboEREL
HIE U772 TCREFHAZITD LTHRIZARSRWI L 2EKRT S, LT, HclkLhE
WHERTIEL WHREKE R 0 25 EHTIEAEEL LS.

BErRHAETHRE BT 27201013, HERAOEREEE R 2 L FKRIC THIE] &0 5 BfED %
griny, TNE25Z5DM Grover 7)VI ) ALTH 5.

2  Grover’s algoithm

Grover 7 )V 3 AL IFETTHHIEIZL D, ELUWIRE |o) OMERZMIEI Y5 HikTHD. Z
nns, Zo Grover TIVITY XALIZDWT3DDAT Y FIZH T THHRHHZITS.

2.1 #HRRRE D #E R
#HIHPIREE & U T, Y OHEE D [E UMERIRIEZ KD IRE

1
H»EJNZJQ
IN-1 1 1
- N'\/N——lg;h>+\ﬁvm>

N-1 1

=\ 10+ WM> (5)
N-1 1

= =\~ w—¢ﬁm (6)

EHEAD. ZIT, |[H) ) REWICERLTED, FRIZ|+) & |-) BEWCERTS. |+),
|=) 1 |a), |b) DEEHES TET 728, ZHNSIXEA L 2RCEM LORKE L 225, HIHHRE (5) X
HERADEOFIZWT, MUY VN T v ARFIERR 2RO 2 IRt 22 EDRE |a) & |b)
RHEADLILREKRT .

2.2 REE |a) DFEEIBIR
REE |a) ZHIET 5720, Grover DL=X Y — BT

U= [b)(b] = la)(al, V= )+ = [=)(=, (7)
ZHIREE (5) IEAE RS, 22T, B IAIRE (5) %

|[+) = cos 0|b) + sin b|a) (8)
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LEEWAD. 2T, cos=/(N-1)/N, sin =1/VN &#%5. (8)ICVU 2fElxE 5L,
VU|+) = cos 36|b) + sin 30a) 9)

LRBZENS, RE ) DIREFAEIEZ N TWEZEADNE. ThE S SIZEERRIET ,
(VU)¥|+) = cos(2k + 1)0|b) + sin(2k + 1)6]a) (10)

5. 25UT, k& —EOMETHPTIZON, IRE |o) OREKIRENHIES N, b0 Ik
fE |b) DHERIFEIGNENT VD Z LN,

2.3 BIE i)}, ORE

B Fe 2 13 HOIREE (10) % B {]i) }imr THIES 2. IELWHERKER o 20T 5720121 (2k +
1w=wmt@5k%§&ﬁ¢m.::ﬁ,ﬁbﬁNﬁHﬁuk%<,9:mm:;%%mﬁT
BZLI2&oT, ZOFMGEMET k%

k:%\/ﬁ (11)
DEIIIRDBZZENTES., AT I7NVEENE T T Y IRy 7 ADBEBNEZS5NEHED
Bi&, A7 I7NVAOEREEPENETNRORVEHETH LI 02 RITFIHREDEEL5 A 5L
Ez2oNTHED, ZORIFAT 7 VAOHEMERD O(VN) B TIELWHRERHER o 2 A TE
52z RLTWVWAS.

3 A classical limit of Grover’s algorithm

AL D H L IEF 12 FZF W decoherence F 7z 1% dephasing D AI%IZ & - T, Grover 7L 3Y X
LD Z EHT DI ENTELDN. LELEBTELIRLIE, OS50 DAT I
~NOEMEIBPBELRDOPERSNMITEILITH 5.

ZZT, H&DHW5 decoherence % 7z 13 dephasing D /% [3| IZDWTHIBIZHHAL 72\, &
% 2 DDEILLIREE |a), |b) IZR LT, FHFHZ

|a){b] =0, [b){a] =0, (12)

& 9 54/E% decoherence & EFHT 5. 7z, dephasing (ZHBWTIE, REIZIZZTNZENHIHETE
RN T BN B AY, 572 B ARAED R IH X

) (bl = (€]a)) (" |))T = €'~ |a) (b (13)

D&, MHERT o, BBTEZAZRW. SNBH O OBGESE) 2 EORBIZ LD, MMHETANT NS
272578, /A XD VERETIE, ZOMMERTZ 0T 5 EAMHEPELHIZRTO &4o
T, THIHZEHTE L WIILAHKILL, T3 % dephasing LIERZ LI12T 5.
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%13 Z D decoherence % 7213 dephasing ® /T, Grover 7V 3V X L D ol B 73 1 5 S
ZIENT T B 728, HIHAIREE (8) IZ & - THZ 6 N EE T

po = cos? 0]b)(b| + sin 6 cos B|a) (b + cos O sin O|b) (a| + sin? O|a)(al (14)
EHEZDL. TOBEELTH po 128 LT decoherence(12) & W5 &,
Po = cos® 0]b) (b| + sin? 0|a)(a (15)

Z134%. Z® decoherence DIFAEDHETH, Trpg =1 2RO I LR TE 5. py 1T Grover L
=) —HBET () 2FHEE 5 L,

p1=VUpo(VU)T
= (sin? @ cos® 6 4 cos? Asin” 0)|a) (a| + (sin” Osin? § + cos? § cos? 0)|b) (b (16)

DES12%5. Grover 7LD XL EFUL, ZOEEEZ EFEHRVETIEIZLD,

1 1 1 1
Pr = i (5 — sin? 0) cos® 49] la)({a] — [2 - (5 — sin?6) cos® 46| |b) (| (17)

LT BMEMRERS. 20~ 0 LT BERMEHNE I LIZLRY,
P = (0% + k(20)°]|a)(al + [1 — (0% + £(20)*)][b) (0] (18)

LI B EEISS. 22T, Bixldk/N ZEEL, FAREVWNIZHLT, 1-8(1-1/N)k/N] ~
exp[—8(k/N)| Z FH\\ 7z, HEMRLIGMUMED EH 5IZEWTDH

Tror =1 (19)
B, UL7=hioT, FHZlL Grover’s algorithm @ o BLURER (2 35\ CTHENE X 4 7= i RIRIE p;
pi = Tr (i) if7) ~ (1 + 4)N (20)

B EMTES. REOHEMOLEE, TOMRIT1I2BEIZREZILVWRINSG. L
Mo T, ZDHIEIZES Grover’s algorithm O d7 B 2 B8l 1L, @ O HHK R EMGFEE L ~ N
EWVWSIEDEEZBEDTIERNWI LN 5.

4 F&&H

%2 13 FEEIZHE R\ decoherence F 72 1% dephasing D /%% FI\WT, Grover 7V 3V XL D il
MR DWW CHE L, BRFHEEICOWTIHEL 2. EMERE ~ VN — k ~ N ORIl
coherence k> 72 Z L IZ X BB TH D, entanglement 7°Z Dk CIEAEN 1% H %2 72 L

76



Soryushiron Kenkyu

TWRWIZ EARINDG. AWIFRIZEWTIRE I N7z Grover 7V IV XL O HHW AR IEIEIX, «
RRES 27201 EE SNBEMEERE ON) 222250 TIEEW. LENST, Fix DR
B2 &k 5T, Grover 7 VTV XLIZ &5 O(VN) OB E T-HI 72 PR R & 2 HERARIE D1
ERRERTH S Z eI >T2. BbAA, BFHBEIIBWTIZI VRV I LAV MNEHD
BFREZFET 2 -OEERKE 2 R-90, EBROERFHEOESELITEFTHBENPAE
ITHBEENIZENTES. - ZOMNIE, MBOEGEBID & 5 HRIEFIZ ) 1 DL\ B
TIZBIF S Grover 7TIVIV ALADYIalb—vaviER»BEZRLEZONS.
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Weak-measurement experiments on qubits

F.M. Toyama

Department of Information Science and Engineering, Kyoto Sangyo University, Kyoto
603-8555, Japan

Abstract

Weak-measurement experiments on qubits are done by means of a gate-model quantum
computer IBM Cloud-Q. The experiments are based on our understanding that the dynamics
of spin 1/2 in a magnetic field should be physically simulated by a gate operation on the
superconducting qubits of the transmon type. The experimental results suggest that the
experiments can be useful to verify the performance of the qubits.

1 Introduction

The weak measurement is a way to determine experimentally the weak-values of observables of
quantum systems. The weak value is a quantity predetermined in the background of a quantum
superposition-state, before a strong measurement is made on the state. The weak-value is defined
in terms of the two state-vectors that represent the time-normal evolution of a pre-selected state
determined in the past and the time-reversal evolution of a post-selected state assumed to be
determined in the future [1]. In this report we discuss weak-measurement experiments done on
the transmon qubits of IBM Cloud-Q that is a universal quantum computer [2]. The transmon
is a superconducting charge qubit that was engineeringly devised to be less sensitive to charge
noise. Quantum-entanglement generation is the most important requirement for such qubits. In
addition to such a requirement, in the weak-measurement experiments time-reversal evolutions
are assumed for the qubits.

We examine the weak values of the observable ¢, ® ¢, of the two qubits. This choice of the
observable is based on our understanding that the gate-operation representing a weak magnetic
field applied to the qubits is mathematically equivalent to the dynamics of spin-1/2 in the
magnetic field. We construct time-evolution models of the qubits by using the search operators
of the original Grover algorithm [3].

2 Weak-measurement on qubits

2.1 Basic scheme of the present experiment

Figure 1 shows the basic scheme of weak-measurements on two qubits. The gate G, is Grover’s
search operator [3] for the two qubits and H is the Hadamard gate. The pre- and post-selected
states are denoted by |¢(—1)) and |1(0)), respectively. In the present experiments we take them
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Figure 1: (Colour online) Basic scheme of weak-measurements on qubits.

to be [00). The time-normal evolution of [¢(—1)) and the time-reversal evolution of [¢)(0)) are
respectively denoted by |¢(s)) and [i(k — s)), where s and k are respectively the iteration step
and the total number of the steps. In this setting the weak value of ¢, ® o, at the step s is

defined as (Y(k —s)|6. ®6.|d(s))
5. 050 — WE—9)|0: ®:|6(s
(62 @ G2)yry (Y(k — 5)|p(s)) ’ W

where |¢(s)) and [¢(k — s)) are

6(s)) = GIH®|g(-1)) = GIH®|00) (s 2 0),

Wk —s)) = GF*ly(0)) = G *l00). (2)
We define two intensities I](%‘%  and I](\j[)AG at the step s as
Ighp =Wk — 9)|¢()> and I35 = (k- 5)|¢' ()%, (3)
where
~ 2
8/() = Draclo(s) = [exp (1556)] 7 1o(6). (4)

In Eq. (4), Uniac = [exp (z%&z)] @2 represents the time-evolution operator by a magnetic field

applied, in z direction, to the two qubits, where «, is the strength parameter of the applied

magnetic field. Since the time evolutions from step s to the final step s = k is unitary, Igz% =

P}‘%Og; and I](\f[)AG = le\g(z@ where PJ_-? gF and P]B(XG are respectively the finding probabilities of

the post-selected state |00) at s = k when a magnetic field is not applied and when it is applied.
Using Egs. (3) and (4), we obtain

I(S) 2 2 s 2 s
If\é)AG = 1- 2+ (L8646, @ L)y [P - (6 © 63 + O(ad). (5)
REF

In order to experimentally obtain (6, ® 6Z>E/€/)V on the basis of Eq. (5), we need to determine

[(In®6,+ 6, ® Ig>$,f/)v|2 =|(I® (3,2)%;)‘/ + (0. ® Ig>(vf,)vl2. However, the signs of (I ® 6,2)%;,)‘/
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and (6, ® IQ)E;/)V cannot be determined experimentally in the present scheme. Therefore, for
the present experiments we use the theoretical values for (I> ® (}Z>$/f/)v and (6, ® Ig>£f/)v. With
this prescription, by using measured PJS(XG / Plg) gF for I](\Z)AG /I 1(%8])5 > we determine the weak value

(6. ® 6z>§,f,)v experimentally.

2.2 Models

Model-1: The time-evolution model of the qubits is constructed by means of Grover’s operator
Gy = [—I + 2|6(0))(6(0)|][Zs — 2(]00)(00] + [01)(01])]. In G4 the fraction of targets is A = 1/2.
In this case, no entanglement is generated between the two qubits in the time-normal evolution.

We are interested in the situation where (6, ® 6z>$/f/)v is equal to the eigenvalue of 6, ® 7,
although neither |¢(s)) nor |ip(k — s)) is the eigenstate of 7, ® 6,. At s = 2, since |¢(2)) =
—(]0) + [1))®2/2 and |¢(1)) = (J00) — [01) + |10) + |11))/2, (6. ® 6.)\7), = 1, which is equal
to one of eigenvalues of 6, ® 6,. Note that |¢(2)) is separable, but |1)(1)) is entangled. As
(o ®6,+6,® Ig>%42/)v|2 =0, from Eq.(5) we have, ignoring the higher order term O(a3),

(2)

@ 1 2 oliac

(0. ® 6wy ~ o2 (2 —ai —2 @ ) —1 (for o, —0) (6)
REF

where IELG/I}%)JF =[1+e22/4~1—a2+0(ad).
Model-2:  In this Model-2, we take G4 to be Gy = [—I4 + 2|$(0))((0)[][Lx — 2[00)(00|].
In this case, an entangled state is generated at s = 2 in the time-normal evolution. Since
16(2)) = (100) — 01) — [10) — [11))/2 and [i5(1)) = (0) + [1))®2/2, (&> @ 5){2), = —1, which
is equal to another eigenvalue of 6, ® 6, although neither |¢(2)) nor |¢)(1)) is the eigenstate of
G, ® 6,. This situation is the same as that of Model-1. Note that |¢(2)) is an entangled state.
In this Model-2, (I ® 6, + 6, ® Ig)%,?,)VP = 4. Hence, from Eq.(5) we have, ignoring the higher
order term O(a3),

(2)
o2 1 2 oliiac
(0. G2)p/y =~ o2 (2 +a — 21(2) ) — —1 (for a, —0) (7)
REF

where IJ(\Z)AG/IJ%,;F =1 —2e i — e 2|2 /4 ~ 1 + a2 + O(a?).

3 Experimental results

Figure 2 shows the results of the experiments. The red curves show the theoretical predictions
of Egs. (6) and (7). In order to test the models described in Sec. 2, first we did experiments

80



Soryushiron Kenkyu

by means of a virtual machine provided by IBM [2]. The black diamonds indicate the results
obtained by averaging over twelve experiments with the shots 8192. The results are in good
agreement with the theoretical predictions. The experimental results on the virtual machine
seem to justify the present weak-measurement models.

The experiments on the real qubits were done on the two qubits g3 and g4 of the IBM Cloud
Q ibmgz4 [2], which is a five-qubits machine. The red solid-diamonds show the results obtained
with PJSLG / Pl(fbl  averaged over twelve experiments done with the shots 8192. As seen in the

figure, the experimental errors in PJSAG / PI(%QJ% r are too large.

.
Model-1 v D —
035 ¢ : Virtual machine
((5 ®d’> 0 ® .: Realmachine
z =/ : Real machine
(normalized)
0.5

Model-2 ©
-1 S
0 0.1 02 03 04 05
o

z

Figure 2: (Colour online) Experimental results.

The errors should be accumulative errors caused by the gating and the measuring processes.
It is hard to estimate the accumulative errors in a systematic way on the basis of the quantum
circuits. Therefore, we adopted an ad-hoc prescription that normalizes experimental PI(;%F to
theoretical I]%z; - The green solid-diamonds show the results where experimental PJSAG / PJ%% I
is normalized such as (PJSLG -D)/ Igg > Where D = Pg% F —I]%)E - In Model-1, the agreement is
much improved by this normalization prescription. On the other hand, Model-2 lacks agreement.

As we discussed in Sec. 2.2, in Model-1 no entangled state is generated between the two
qubits in the time-normal evolution. On the other hand, in Model-2, at s = 2 an entangled state
is generated between the two qubits in the time-normal evolution. The difference between the
experimental results of Model-1 and Model-2 seems to be related to the entanglement-generation
problem between the two qubits ¢35 and ¢4. It should be, however, noted that this remark is
based on the two prescriptions used in the models and analysis of this experiment. One is
the prescription on experimental weak-values of a single qubit in Sec. 2.1 and the other is
the procedure based on normalization from the experimental Pg%  to theoretical Ig)g - These
prescriptions are subjects to be reconsidered in future experiments.
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BIE TN 7/- Bateman B ICE DK BEAMIRF FOEF1L

i B 10
HAKSIL L R RO

e AR
HARZRZHE LR B T2HEK

1 EA

FAFIRE) X R & B RO A ICB VW TREIZHEEINTE D, FIZEFmIZBWTIZINE)
PP SR T DORD 2 %2 5 2 S EERE L LTHoNTWD, —F, JAMIRE 7 I2®EE
IZEHS BT & Dk U 2 IS FARE) 712 DWW TiE, FOHMERINIRS SV ISR IzThbh 5
TW5HDD, BFMIRZEHWVIZHEINTVDS EIZEVE.

BT T O & (b ke UT, WEFAMRE 70OER) 2N (mi +yi +kx =0) %
5255075007 0NIN T UEHREL, BEOELOFIE (E¥EE L RERS
B TRVWETLEENTTAAENDSE. ZOHEOHEE LT, HMEZ S EZ TBRED
HEE 2 EEHE S BEDRRNZ EBREIFS5NE. AT, ZOHEICOWTHmzEED 5.

INFETIZ, WEFANIREFOEE G2 5 X 5REKNLT 70V T7 e LT, Caldirola-
Kanai 7277 Y7 v & Bateman 77 7 Y7 VHHIS T W5, Caldirola-Kanai 77 7 Y
TUEHSDIIHEIKET 25750 YTV ThY, MATEAZLONS (1]

Loy = el/mt <7;g;=2 _ §x2> . (1)
DIV ITUVTEDONDIBEROEFLIZBEIZERL 6N TH O, ZTOBRICHENEL S Z
EHIEMINTWD (2,3, —H, 1931 FITIREI N7z Bateman 777 V7 Vidd o DITIKIH
ZRELRWI TS50y T7 v Thh, RATH RGNS [4] :

Ly = miy+ %(J:y — 2y) — kxy . (2)
ZDI 77T Uk, WMERMERE T O&ES) SREXTNA T, MIEFAMRE 0 EH) SRR
(mij—yy+ky=0) 252%. 9705, Bateman 7277 > T 7 VAR T 5 FRITH VIR
VLRV FIHRE) 1 & SIE R ARE) 2 5 KD, DFEREBED 2451275 T\, Bateman 7
TV T7 VTEDONSEE (Bateman BE) D& 1{kiE, 1977 412 Feshbach & Tikochinsky
WZEOHIOTHIL o1 [5], 1990 HARDSBEICE D £ THA R O EINTE 72 [6]. L

10 E-mail: deguchi@phys.cst.nihon-u.ac.jp
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72U, Bateman BEIOE (LTI, 2 &y TR (2+y)/V2 & (z—y)/V/2 % FEARM 722 1F HE R
e 5720, IREOFHECKEZ X THBIBEKI BN E DD, MPHCHEHMNRE 0 &
FAZITOTVWBEDNAHTH S, L EDZ &H 5, Bateman BEAIZ I D < JE5AFIRE 7O =
FALFREZ EATVWD EE X 5. AL TIlE, ZORMERZFERT 572012 Bateman 727 7 VY
7V ERIBIEL, FEEMIZ V2 OAZIEEBIEE 358 M2 RAAS.

2 BIEXN7- Bateman &5

AiRFETH 41X, Bateman 7277 VT ¥ L IZHi7-RIHZ A TEHE S NAEIE I /- Bateman
ST VIT YV
Lngss = mig + L(ag — ity) — kwy — ~(p5 — po) — po + A(pz — o) (3)
2 2 2m

EREL, 2O 70V 7 VTEDONDS “BIEX N7z Bateman f8l 7 2 E53 5. T 2T p,
o, NMIH 7 RFEDONFERTH Y, TNor2BLENHZRETHS. 777V 7Y Lyg B
55 BT R 7= FAFIIRE) 7 & SIEFA RS 7 OEE AR PR/ o LD, 512 ANICETS
Euler-Lagrange HfEA & UTHIHSEM: pr = oy RO NS. ZORIE x & y WML TIEARNT &
EEFRLTHY, EBRICEH HREAOMENRAT S L, o OWIANIHELE v OWEAMAED —H T 5 &
WHEMAEG 25, 20k b, MNRIRENHIZ D THD Z e Dbh .

WE, 77570 V7 Y Lyp (R E¥RRE2E 2 5. E¥ERIX (v,y,p,0,\) Db5DTH
D, Ly 70 TN oI \ZHAR L b DD IEMEET T (py, py, Pps Doy pr) DRED. FEEITIE, Tho
G110 E D EXELZ I DN KL T 5 6 DO (B —F) RSN D 5 728, MR EHELEIZ4 DT
H5. MR IEHELE 2R SEITIER O DEINENH 5708, RHFE T (z, pe, p, 0) % IEHEZEL
WER, ZOEE, MFGRICHT S Dirac DRLGITHED &, Ly B SRD K S BENINVF=T
VHRES :

o
H=—p>+ mw? La? ¢ lpo’. (4)
mp o 2m

ZIZTw F wo = /(k/m)— (12/4m2) LEHIND. 5, H PIEEMITRD &S5 IZ5M
po >0 2T, FHiZBMNIE X =22, P:=2p,, 0 := (1/2)In(p/0), N := po ZHW\3%
&, HiZ

R VI S SV e e
H—2me P —|—2mw_e X +2mN (5)
DEIIFEITSE. ZIZT, po>0THE05, QIFETHY NIXETHSZ LITHEET 5. Dirac
DILHIZHES &, XD Dirac FHMAE»NS

{X,P}p=1, {X,N}p=-X, {P.N}p=P, {§,N}p=1, ZDfli=0. (6)
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NIV BM=T Y HIE Leg 5K % % Caldirola-Kanai N IV =7 U [7, §] ITBT WA A, I
LIXEL D N 2858, 72 Caldirola-Kanai NIV b =7 V2 E ST, HIEIdH S5 DIZHEICHKE
¥, o CE#SRER dH/dt = {H,Hyp =025 HIMRFEETHZ I b 5.

WEHANRE 7O N FH TR VF— X E = (1/2)mX? + (1/2)mw?X? (w = /k/m) TH 3
Y, EHESRER X = {X,H}p 25 LT, Ihz

1/ _ y.\2 1
E:—( 29P—7X) w2 X2 7
2m ¢ 2 +2 w (7)

ERTIENTEDL, NINVPZT VY HIMEEETDHY, TOEIPS HENZRIIVF— FE LEE
RENZ > THEUBZBTRAILF—Q DM THDLEZIONS. Thbb H=FE+Q.!!

3 FE#EFt

NINIZT7 Y HTRREINERZ2BTT S0, HRPEIZEENLIEREER X, P, 0, N %
5169 % Hermite B T X, P, 0, N (2B, 3 (6) @ Dirac FEIlA S & % 5 IR D 6] % 55 #i

BIfRZRET S ¢
[X,P] =inl, [X,N]=—ihX, [P,N]=ihP, [, N]=1inl, ZOf=0. (8)
ZZTLIFESFEEFE2RT. XG) 2R () PonIN =T VBT L HFENT XL —HE
ThENTH
S D10 S SR S SO
H= 5-€ P+ S mw=e X+ QmN’ (9)
o= (P - 1X) 4 S X (10)
2m 2 2

DESITHESD. 7270, N5 EEIBITIE Weyl IEF 2L, X (8) 125 5 S HBIRE V7=
TP B E512, H & El3 Hermite HH ¥ Th 5. Heisenberg /it df/dt = (ih)~* [0, H]
¥ dN/dt = (ih) "' [N, H] O ZhZFnixD & 51ckES -

0(t) = %t]l%—éo, (11a)
N(t) = No (11b)

U8 X =2z AT EROBEMFIRE T OEH HFERE mX +9X + kX =0 £ B IS, ZoRoT 3L
¥
%mX2 + %mw2X2 + v/X2dt = const.

DEIITREY, THE v[X2dt PEERBTEU BRI ILX -2 KT I L0 h 5. EEITHEE SRR OM 2 A
T3, Q(::HfE):y/X2dt THDHIENHRTES.
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T, fo & No BRI S BB TTH Y [fo, No] = ihl W73
HEF o & %D Hermite 1% af 2R TEHET 3 -

sy [T () —0(t) p
a(t) : o7 A e WX (t) 414 ST Ae "\ P(t), (12a)
Sty T ) gy 1 « —0(t) P
a'(t) 5% A WX (t) — i ST A'e P(t). (12Db)
ZZT, Ak
A= 1(1+“’—+)+i L —1+w—+) (13)
2 w 2 w

[&(t)7 dT(t)] =1, (14&)

[a(t), 6] = [a'(t),00] =0 (14b)

ERTIENTES, Tk al, TLTR(1la) VWAL, HFRZXLE—HET FIF
E@:JMJJMM%”MGmwaw+;Q (15)

EETB. WE, TY IRTIL|0,t) BIRD 2DDEMETED S -

a(t)[0,1)

0, (16a)
00]0,t) =0.

(16b)

AT, [0,t) IZHBEIRT I RT MV (0,t] & DRUTHIALEME (0,6]0,t) =1 2EL. (TIRZ b
V{0, 1%, R (16) 1S B4R (0, t)at(t) =0 & (0,t16p = 0 27 4.) K (16b) 1, v =0
D & =B ORI T O R T2 FBT 2700 BERENTH 5. MBI (14a) £ 3K (16a)
Do, o ZMEEHEFTHY of BEREETTH LI 2D b b, 5T, Fock ERZ MLIX
1 n
= (At _

MJf_VmGMﬂ)mJ>(n—QLZ”). (17)
D& IHRTES. X (8), (11a), (12b) BS5bHB XS [a(t),0)] =0 THE LS, BSR
12 Gg|n,t) =0 B DSID. HeoT, 74w %]

f:{uwywy:zyﬂmw,§]%9<m,%ec} (18)
n=0 n=0
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DIEFEDTE W) 1& Op|0) =0 27T, Kiicy=0LEL L, F LTHETH L Flz—5L, ¥
555 BEOHENIRE FONI NPT VIZRET 5.
ﬁu%nruw@%%méaau<ﬂnw_mnw ERTIENTE, 512 6)0,t) =0
HETS L, TXVF—FEEHEARIPRD LS IT/OND -
E(t)|n,t) = En(t)|n,t). (19)

IDEE, TXVX—[EEAMH E,() &

B, (t) = hwe /™ (n + ;) (20)

CRFED.

RRREOI=X ) —HE X U®) = exp( iHt/h) THAS5ND. ThEHWT Schrodinger
HIRIZB 1T % Fock FEARZ ML |n t> Ut)|n,t) LEHZRIND. INLDTRVX—[EF
BAESIRD L S I1TkE 5 -

On(X,t) = (X]|n,t)s
1 (%)1/4 w — iy /2m\"4
V2! \ mh w+1y/2m
[mw 0% m iy
H, e At/2m T - yt/m 32
X < T X) exp[4mt 2h<w 2m>e X (21)

IIC, Hy BTV I— FSHERART. HHED, =002 & E,(t) ¥ (X, 1) ThZNE
HOFARMIRE) 7O T 2V F —EAHE L EAREICR S, T3)VX —FEaRBUXIERBER M

/ 65 (X, 006 (X, ) dX = S (22)
i3, X2 1o, n=00& &

X2 [ T t/mox2 2
90(X D = [T exp| 5t — e ] (23)

D &S 74 X IZET 5 Gauss BRGS0 E DY, ZOHEAY Y XS & 2L, t — co D
E |Go(X, )2 TV B S(X) 128 B, RELEIC BT, RIS T i L R RE &
HIZEA L, IREFOMEIZREIZFEAMEIZRo T, ZoZticiisLabEsde, b
BD [po(X,t)|> DD FHENIHRTHD L ER 5.
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4 FEDHEEE

ARG T, WERANRE ORI U TEEIZIE D I35 X 1T £ 7~ Bateman # » Z 0 &1k
BT AMBESZTERL, T2l 5720128 IFE X 172 Bateman A Z T L /2. Z ORI
D IE¥EL L Dirac DML GIZHRE > THERE S 4, #ERE U CRERNIRE FOA2EdToH 50
WCHBIZERKIE LR WA IV =T U E SNz, TONINVN T VIIREEETH D, HEH
RE DO NFER T RN X — L RBEREINIE > THEU BT R IVLF—DRIZR>T WS, Iz, 5
SN EERRNICHE DWW THEFANKRE FOR{bE2ir>72. £Z T, RREFETHSE NI
ZT7 VHB T LR EE TRV T 2 VX —EHE 72X Uz, B8EORTRICHL
TIEZD &S BREHNIBELRND, BEFFIRE O & 5 #2106 U TiE—MITRDON IV
M7 VA RDTRINF—IIRRZ2EDE UTKATE2HENH L.

AWFEIZBWTIE, R (20) D& S BT FVF—EHMEIEINZ. T OEAEIZEE DT
RO A NF —[EEMEICBEE ™ 28322 LTH Y, BEFHIRSGFOTILF—
EAEMHEE LTIEE22E56LWERZLTWVWS., LALEIREZLIZ, 2O LF—DERRAIT
D SCHRIZ IE R Y 72 & 720, 12

BISRIZBWT, NIV M7 VBT H TR I N5 8T RO Schrodinger 213584
RPN T VRN, LA L, BMESERDS & Tn BNEALZ T2V F —H¥AOMIEBIR I 574
WEARE U 728554, Schrodinger /52 2N O ReFEAR 1%

Un(X,t) = g (X, t)e 1/t (24)

DE>IBEND. HoT, WRBEEIL [kn(X, 1) = |d(X,1)| L7585, ZHED t =00 DL X,
B 7 DAEAERE R T R D PR/ NS TR IZIEM L, 2 PADERIETIX 012252 &0
5. TFHHEREDHBIZEWTHHFEY OFRRESA 5. SROMEIL, HrEvalzt
312 Schrodinger AFERZE 2 TRAZ T XNV F N ORIDOEBRIERZ2E S, TN EFIZHK
MR T O& iR 28w a2 ELSHETL2Z L TH 5.
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