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About the Review Committee

In order to support large scale simulations in high energy physics and related
fields in Japan, the High Energy Accelerator Research Organization (KEK)
started the “Large Scale Simulation Program” in April 1996. Under the pro-
gram, KEK calls for proposals of projects to be performed employing the su-
percomputer at KEK. The proposals are reviewed by the Program Advisory
Committee, which decides approval and computer time allocation. Since 1996,
77 projects have been accepted in total, and many results have been reported
by the research groups. To review these achievements and identify possible
problems, and to gain insight into possible future directions of the program,
the Director General of KEK asked the Committee to review the Large Scale
Simulation Program for the period starting in April 1996 and ending in March
2002.

The charge to the Committee covers the following items:
e To review the scientific research activities performed under the program.
e To review the effectiveness of the program.

e To review whether the computing resources and support available for the
program were appropriate.

For each of the items, recommendations for future directions are also appreci-
ated.
The members of the Committee are

Paul B. Mackenzie Fermi National Accelerator Laboratory, USA
Toshihide Maskawa  Yukawa Institute for Theoretical Physics,
Kyoto University
Denis Perret-Gallix  French National Center for Scientific Research
(CNRS), France
Ichiro Sanda (Chairman) Nagoya University
Toshikazu Takada Fundamental Research Laboratories,
NEC Corporation
Akira Ukawa  Center for Computational Physics,
Unwersity of Tsukuba
Koichi Yazaki  Tokyo Woman’s Christian Unwersity

The Committee met on December 12 and 13, 2002 at the Computing Research
Center at KEK.
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1 Purpose of the Large Scale Simulation Pro-
gram

KEK (High Energy Accelerator Research Organization) is a research institution
for carrying out accelerator-related scientific studies. The major task of KEK
is particle and nuclear physics research. For this purpose, KEK has maintained
and operated accelerators and detectors for high energy physics experiments.
KEK has also maintained the computational capacity required for particle and
nuclear physics research. The supercomputer system is an integral part of this
system.

The usage of the supercomputer system is governed by the Large Scale Sim-
ulation Program. It calls for collaborative research proposals in high energy
physics and related areas using the supercomputer of KEK. Applications can
be made by researchers at all universities as well as those of governmental re-
search organizations in Japan, or by those that the Director-General of KEK
considers appropriate.

It is the opinion of the Review Committee (Committee for short below)
that computational research is an indispensable component of particle physics
research and an integral part of the KEK research program in a number of
ways. The simulation of the Standard Model, and in particular of the QCD
non-perturbative sector, is an indispensable major part of the entire B physics
program to extract meaningful physical quantities from experimental results at
the B Factory. Computational research is also crucial in nuclear physics and in
related fields such as astrophysics and others.

The Committee understands that the computational resources necessary to
carry out leading edge research in these fields are very high. Since it is extremely
difficult for individual research groups to develop the required computing envi-
ronment, the entire physics community appreciates the KEK effort.

2 Scientific achievements

Modern large scale computing has enabled unprecedented advances in many
areas of physics. The KEK Large Scale Simulation Program has enabled sig-
nificant advances in several of these areas. The Committee heard from seven
groups currently working under the program. The great diversity in the physics
enabled by large scale supercomputing is well represented by these groups. For
example, computers have enabled the well established techniques of perturba-
tive quantum field theory to be pushed to new heights. The scminami group
has developed a method for the automatic computer generation of Feynman
amplitudes that is widely used at LEP and in particle searches for future collid-
ers. Very different calculational techniques have been used to make advances in
nuclear physics. The scnucl/scsokaku group has used the KEK supercomputer
to understand areas relevant to strangeness nuclear physics and possible heavy
ion experiments at J-PARC.

In nonperturbative quantum field theory especially, large scale numerical
simulations have made possible the solution of previously intractable strongly
coupled theories. In addition to being a significant intellectual achievement,
this has an urgent practical importance to the experimental programs of KEK
and the world. Tens of billions of yen are being spent at KEK and around the
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world on B physics experiments that cannot be completely analyzed theoreti-
cally without calculations from QCD, a strongly coupled field theory that cannot
be solved without large scale simulation. These experiments are required, for
example, to determine the elements of the Cabibbo-Kobayashi-Maskawa ma-
trix. These fundamental parameters of the Standard Model are essential clues
to further understanding of beyond the standard model physics, and are central
targets of current particle physics experiments. The Large Scale Simulation
Program has enabled the scqcd group to be world leaders in these calculations.
Even larger computations are still required to complete calculations required
by experiments at KEK and around the world, so there is a need for continued
leadership in this field.

2.1 Study of lattice QCD with large scale numerical sim-
ulation (scqcd group)

With the VPP-500 computer, this group has computed Bg, my 4, fr, proton
decay matrix elements, fg, Bp, and ar; using the quenched approximation.
These calculations involved controlling the chiral behavior. For Bg this required
solving the operator mixing problem, using chiral Ward identities. Their result
on Bk has been used as a standard value by the Particle Data Group, which
indicates that the number is widely used by the high energy physics community.
The Committee notes that the B physics computations are essential to the
completion of the analysis of the Belle experiments.

As the SR8000 computer became available in 2000, they started unquenched
calculations including dynamical up and down quarks. Their results on fg, Bp
and the SU(3) symmetry breaking ratio (fg,~/Bg.)/(fv/Bg) are leading the
worldwide competition, and show that the quenched approximation introduces
significant error of about 10%. They have stated that all above computations
should be repeated with a dynamical strange quark. It is noted that 90% of
all the available time from the Supercomputer System has been used by this
collaboration. The Committee congratulates the group for achieving these world
leading results.

The Committee recognizes that these results are of vital importance, not
only to the experimental program of KEK, but also to the world wide high
energy physics community. Full unquenched results of the same quality (which
need more computing power) are required for the completion of this calcula-
tional program. There is therefore a substantial opportunity for continued ac-
complishment of essential results, if sufficient computing resources are available.
The Committee also heard that there will be strong competition from US and
European groups within a year. It strongly urges KEK to take all necessary
steps for the collaboration to stay at the top.

2.2 Monte Carlo study of the color confinement mecha-
nism and monopoles in QCD (scknzw group)

This group attempts to prove the conjecture made by t’Hooft that monopole
condensation in QCD is crucial in understanding the confinement mechanism.
They have observed, using dynamical fermions, (1) Abelian and (2) monopole
dominance. Among other results of interest is a pictorial description of the color
flux distribution between the quark and anti-quark in a meson.
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The results of this group represent considerable progress in conceptual under-
standing of the confinement mechanism. The group, however, has not achieved
its goal of deriving useful effective theory which can be used to understand
hadron dynamics at low energy.

It is noted that appreciable time allocated for the collaboration has not been
used.

2.3 Automatic Feynman amplitude computation and ap-
plication to HEP (scminami group)

The group has developed an automatic generator of helicity amplitudes (GRACE)
for 1 or 2-body — n-body scattering at tree level in the standard model and the
minimal supersymmetric standard model. Tt is, actually, a generator of “event
generators”. This package has been extensively used at LEP. A new package is
in final testing for one-loop diagrams (n=2 and some n=3). Higher loop cor-
rections are being studied. In most cases the limitation comes from computer
system performance (CPU, memory and disk size). Quadruple precision is es-
sential for these calculations. This package will be widely used in hunting for
SUSY particles at the LHC and future linear colliders.

As the effort along this direction is essential for understanding experimental
data from high energy physics detectors, several groups around the globe are
now developing similar packages In order to keep the leading position, it is
important that this original effort continue to be supported by the appropriate
computing system.

The Committee congratulates the group for achieving world leading results
for many important reactions.

2.4 QCD at finite temperature and density (sctaro group)

This group studies hadron masses at finite temperature and density with anisotropic
lattices. Extrapolation to the chiral limit has been examined. Pole and screen-
ing masses as functions of 7" have been obtained for pseudoscalar, vector, scalar,
and axial-vector masses. First attempts to study hadron masses at finite density
have been made and the chiral order parameter <1/;1/)> has been calculated for
finite chemical potentials.

It is noted that appreciable time recently allocated for the group has not
been fully used.

The program is relevant to p-A (and possible A-A’) experiments at J-PARC.

2.5 Spectral analysis of nucleon excited states in lattice
QCD using the maximum entropy method (scmelqed

group)

This group studies nucleon excited states by extracting spectral functions from
nucleon operator correlators using the maximum entropy method they proposed
previously. A parity projection has been made to identify the N’(1440) and
N*(1535) in the spectral functions. Finite volume effects have been found to
be important for light quark masses and the long-standing puzzle of the level
ordering between the two excited states has been resolved in the infinite volume
limit.
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The program started recently and is not time consuming. It is important in
hadron spectroscopy which is one of the subjects of J-PARC.

2.6 Nuclear structure and heavy ion reaction studies with
microscopic computational approaches
(scnucl/scsokaku group)

Three subjects are being pursued by this group: (1) the structure of hyper-
nuclei, (2) the structure of stable/unstable nuclei, and (3) heavy ion collisions
at intermediate energy. For subject (1), they use the Gaussian basis to study
light hypernuclei and extract information on Y-N and Y-Y interactions. A-X
coupling has been found to be essential for a unified description of the light
hypernuclei. Subjects (2) and (3) use anti-symmetrized molecular dynamics
as a microscopic approach to nuclear many-body systems. The exotic struc-
ture of neutron rich nuclei and the observed features of multi-fragmentation in
heavy-ion collisions have been nicely explained.

It is noted that appreciable time has been allocated and mostly used, im-
plying that program tuning has been well taken care of.

The subjects are frontier topics in nuclear physics and are closely related to
strangeness nuclear physics and possible heavy ion experiments at J-PARC.

2.7 Numerical astrophysics (scastro)

This group consists of two subgroups: a supernova subgroup and a numerical
relativity subgroup. The supernova (SN) subgroup has developed SN simulation
codes (sophisticated 1-dimensional and simplified 2- and 3-dimensional codes),
obtained r-process heavy element abundances in qualitative agreement with the
observed ones, and reanalyzed the neutrino events from SN1987a considering
the possibility of neutrino oscillation. The numerical relativity subgroup has
studied coalescing binary neutron stars and resulting gravitational radiation.
Four-dimensional Einstein equations and general relativistic hydrodynamical
equations have been numerically solved.

Ample time has been allocated but has not been fully used. Better tuning
for the supercomputer may be necessary. The program is important not only in
astrophysics but also in particle and nuclear physics and is relevant to neutrino

physics at J-PARC.

3 Computational resources and user environment

The supercomputer hardware was well chosen to be the most cost-effective pos-
sible at the time of its selection. It is well-suited to the main application of
the computer, the large scale simulation of lattice QCD. The hardware has
been used very effectively for its main purposes. It has been the most powerful
computer used for lattice QCD for the last several years.

At the time of its installation in 2000, it was the ninth most powerful com-
puter in the entire world according to the Top500 List of Supercomputers. Its
position has dropped to number 53 in 2002, and will continue to drop rapidly
in the coming years. An upgrade will become urgent if KEK is to maintain its
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top position in lattice gauge theory and other major large scale simulation pro-
grams. The six year rental period of the present contract is too long to ensure
a system that stays at the forefront of the competition. It would be preferable
for future rental contracts to be shorter.

Supporting hardware infrastructure is important for optimal use of the su-
percomputer. The planned upgrade of networking to remote sites to gigabit
ethernet will improve the ability of remote users to use the supercomputer and
to collaborate effectively. Increased disk storage is desirable as disks become
increasingly cheap. Support for computing for which the supercomputer is not
optimal may be desirable. Inexpensive PC farms may provide an effective so-
lution for some of the computing tasks of users of the supercomputer. The
effectiveness of various types of hardware for different types of computing tasks
should be considered carefully in future plans for upgrading the system.

Sufficient support staff to help optimize the use of the supercomputer is
essential to its effective use. It is particularly important that recently vacated
staff position for lattice QCD be filled in a timely way. Workshops on the use
of the supercomputer may facilitate the work of outside users.

4 On the reviewing system

The Large Scale Simulation Program Advisory Committee has been in charge
of reviewing and selecting the proposals to be run on the supercomputer facility.

As stated in section 2, the Committee has been satisfied by the quality of
the research conducted using the supercomputer facility. Therefore it concludes
that the reviewing and program selection process has been performed smoothly.

4.1 On the selection of the projects

The Committee finds that some of the applications could have been run on
more appropriate computer architectures like PC clusters. Moreover some of the
requested and allocated CPU time budgets have been only partially consumed
by the users, although thanks to the bi-annual reviewing system, the free time
has been reallocated to other users ending up in a full use of the resources.

The Committee therefore recommends that a broader scope of CPU resources
available in the computer center should be opened to the Program Advisory
Committee in order to redirect applications to other facilities, if appropriate.

For large CPU time requests, the application should be first tested and
validated in order to be approved. Small amounts of test time should be made
available on request to users for this purpose.

4.2 On the post evaluation of the projects

The Committee understands that all research results are reviewed by the Large
Scale Simulation Program Advisory Committee. It is recommended that the
laboratory make this evaluation more rigorous and transparent. The Committee
finds the official reports of the fiscal year from 1997 to 2001 inadequate to
evaluate the research efforts. Neither the motivation nor the usefulness of the
results is very clear. It is recommended that each report should be written in
such a way that researcher in other fields can understand it.
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It is also noted that there are only three written reports for fiscal Year 2000.
This is clearly unacceptable. It i1s this type of attitude that destroys public
confidence towards the computational laboratory, which was earned over many
years of hard work.

It is recommended that a critical review by experts in the field be made for
each project at the end of its proposed period. The Committee also recommends
that a summary of activities that can be understood by the general public be
posted on a web page.

5 Organization of the program

5.1 Committee structure

Currently, the operation of the KEK supercomputer system is under the super-
vision of the Supercomputer System Operation Committee appointed by the
head of the Computing Research Center, while the approval of projects and
resource allocation in the Large Scale Simulation Program are determined by
the Program Advisory Committee.

Since the research program and computer operation are closely related to
each other, they should be organized in an unified manner so that the scientific
program and the computer operation are consistent with each other. This is
especially important when the future direction of the supercomputer research
programs is to be decided.

The Committee therefore suggests that establishing a single committee under
the Director General of KEK, whose function covers both the the organization
of the Large Scale Simulation Program and the operation of the supercomputer
system, will further enhance the scientific effectiveness of the KEK supercom-
puter facility. The future direction of the supercomputer program is also to be
discussed by the new committee.

5.2 A suggestion for a long term strategy

Although the task of the present committee is to review the supercomputer
system of the laboratory, it felt it necessary to emphasize the importance of a
solid and well structured computing environment for the future endeavors of the
particle and nuclear physics community in Japan as well as in Asia.

It, therefore, suggests that KEK evaluate the general needs of community
and the role that the KEK computing center could play as a major node in the
global network of particle and nuclear physics computing activities.

6 Summary

Particle and nuclear physics research is, nowadays, highly demanding of high
precision, massive computation. New projects cannot be carried out success-
fully without the support of powerful computing systems in an well structured
framework. The efficiency and competitiveness of Japanese research is at stake.

Although some improvements have been proposed by the Committee, in
general, it is the opinion of the Committee that the Large Scale Simulation
Program has provided an excellent framework for achieving the research goals



PART 1. REPORT OF THE REVIEW COMMITTEE 11

of its community. The program has provided the high performance computing
resources that are essential not only to members of KEK, but also to researchers
outside of KEK. In this way, the program has encouraged the collaborative
effort of communities of physicists to attack many interesting problems. The
Committee finds this system to be very effective, and hence should be continued
and strongly supported to benefit the entire physics community.

The research quality has been very high in general; in non-perturbative
QCD, in particular, they have been leading the world in calculating a number
of quantities indispensable for B physics. The Committee strongly urges KEK
to continue full support of the supercomputer facility and its collaborative use
by researchers through the Large Scale Simulation Program.

The problem of the reviewing system is universal in all research projects
supported by the Ministry of Education and Science. The system should be
overhauled. The Committee hopes that by pointing out the problem at all
possible occasions, a change can be triggered. It also hopes that the KEK
Large Scale Simulation Program will take the first step along this direction.

Finally, the Committee hopes that further discussions will occur to enhance
the role and activity of the Computing Research Center in wider areas of com-
puter science in Japan and abroad, including Asian countries.



PART 1. REPORT OF THE REVIEW COMMITTEE

12



Part 11

KEK K& zalL—v3Y

%

NEFEESEIWE (BFEER)

13



14



KEK KL I = b—3 3 U3
SAEEHEZ B2 E (BAFER)

KEK KB 2 2 L—3 3 VSN SR B A

15



PART I1. AV GG S & 16

NEFEEERICONT

TRV X — IR HTFEREAE (KEK) 13, 1996 F4 H, HATOSZ R LX—¥)
2R T OFOBESTORFES I 2L —2 a v as Y RE— T 32010, A
TURRFEHIE TRBUS R 2L — a UAfSE) 2Bt LTz, ZOHIEIZ LY, KEK I
A== Ea—F o TEBTHHET V=7 FE2AKE L, BHFEIE Tk
By Ial—vaVIREEZES] TEHEAEIN, BE LFHERMOE Y Y Tn
REEND, 1996 EHZNETIT, OXNTT D7 vy =7 NOHBERER
SN, ZLOMERRENENENDOHIE TN —T D OHREINT., ZhbDRKE
ZIE L., BESERDDRHIEENE2HIF. OWTIZZ OFIE DR kDRI
OWTHREZE 272012, KEK BERIZZOEZESIT, 1996 44 A5 2002 4F
SAFTCIZEmENT TKBY I 2L — a3 UIFgE) 1T 5 3l 2 4kiE L7z,
IOEBERTEZONTEBIZLTO®Y TH 5,

o ZDHIEDT TITONT-HIZRIZET 5 2H,
o Z Dl E OB R IZBET 2 FEAM,
o ZOHIEDIODFEMEIRL VAR — MBEYTHD E D0 %3,

TINBDEIZONWT, FREOFHMHEIZOWTOEE bEIFEIN TV,
IDOEBERDOREIILTOEY THH,

Paul B. Mackenzie KE. 7 =V ErhNsE g8t 5E AT
WINEEE  HEK S ) B S 42
Denis Perret-Gallix 7 7 v ZENFFHEE 7 — (CNRS)
ZH—B (ZBER) 4HEBKRF
EHER  BABK AU
FE HEREHEYHEERE R & —
RIGfE—  HWRZFRE

2002 12 H12 8L V13 HIZKEK #HERZEE LV Z—I2BWT, ZOXEED
2B ERW,

bl



PART I1. AV GG S & 17

1 KBELza2L—2a HiROEW

%I*wﬁ—ME%H%%%uqm)umﬁ%ﬂiﬁiw%wﬁﬁﬁﬁwﬁ%%
ﬁﬁ%%f%D\%ﬁ%ﬁ%&%@@ﬁ%@%@%%&ﬁ@f%éo:@tw
KEK IE= 3V F—HERDOZOOIMNEEFCHHEE 2 HA L. xbfmé
ikwKﬂ(H%ﬁ%ﬁ?&%@@ﬁ%ﬂ%%@%%%%ﬁ%%%bfkD A—
W= Ea—F VAT ANIFOEEL—HER LTS,

A= Ea—F VAT A, KL 2L —3 a3 VIR BR LTS
NTVWb, KBTI 21—y a3 UiffgETiE, KEK DA—/N—a v a—H &ff
9., BT RAF =W IO BEE S B O RIFIEE N L, Hﬁ@k%kiol
NI TERSBE DI TEE . A WIIBER NET L FDTERZNITIEHETE S,

FOEFMZE B S (LA T TIIAZER) I3EAMIC, FHEKIC iéﬁ%uﬁﬁ
THHEOHIEICAR R TH Y, KEK O FEFHE O L 2 SIcBWTEETHD
EEZD, BEREOY I 2 —Yay, ZOHRTHRIZQCD OEBEZIED
Yial—vavit, BOYHESEDOFTHLB 777 M) —EROEREREN D
BHOLOIYMEZFIEHTLDOORNTZ EOTERVWEELRE S LT
5 Fo. BFEHEB IOFEDHEL EOBBRIBFICROT LA EKIC X 200

TIIAREMICEETH S,

yh6®ﬁ%fm%ﬁ®ﬁﬂ%ﬁ5 3. IEWITRKRERFEREIRNS ML ET

o BRI N—TNZ 5 LICHBERREZHET 2 Z LI33ER ICREET
%D ZOHETOKEK OB NI ED I 2a=F 4 —2EPNTHBT 5L 25
Tbhbd,

2 WABE

BWEDOKIFEZEIL, HEFLOL < OHF THBEIIH ORI E D % R EE
L7ze KEK KIS S 2L —Y a UL, 2 HDW L D DB EE&
B EbLILLTER, AZRERIT ’®7uﬁ§A®%ETH%%ﬁwfwé7
DO T N —T 5, j(ﬁ@%iﬁiﬂ[ﬁ/ 2 —Y a il Lo THRIEEIC R 722
KRB ORI DN THRELZ Tz, #Hlzid, BENGOEFRIZBWTT T
\ZHESL LTeFED, SHEEEZH S Z LTI HIZEWVW L VIZRET S Z LR TE
50 scminami ZV—7I%, 77 A < U IRREFEE A E - CTHIMIZEIET D
FHEEZHEFE L, ZOFEFLEP ERORSEOIELREROMILICIRIA S Fhi
TW5, RIEYHEEOERBWN TS, EFICERIFHAEFERFELDR TS,
scnucl /scsokaku 7V —71%, KEK DA —/"—a vt a—FZffioTA ML Y
F AR J-PARC 12T D EA 4 VERERICERT 2MEEZT> T\,
ﬁ IEBEN ARG OE TSV T, kﬁ@@@ﬁ/ al—3 g vk
IEONE P ST EERER OB ERDA Z L EREEIZ LT, Z0OZ LiIFFEL
m%ﬁtwm%fhékﬂﬁ KEK%&E*Tﬁthm%%%%EKeo
T%%@%@%fxig'réiﬁhéo KEK RZ D0 ERTIT, HEEHEESL
TB HHFOYEOER ZHED TWDD, ZOMHTIEQCD DFHHE R LITITHR
FINZTERITIER Y 272, £ LT, QCD IFKHFHEEY I 21— a v LI
3L Z E@T%&%ﬁFA%wﬁE&®T%50yhgwﬁﬁi Bl ZIEHE
P M- WNTHNOBERE ZRET D DIHBIZRD LD THD, ZDXHE
HERTI DIA T X 21, F@@ﬂétzé%@®@%%@w69KT$ L7
FRPVELEZDHOT, BHEOFFEROHF LR BN >TWS, KA
VIial—yarifROY R — MIE 5T, scqed FNV—FITT NS DEETHE
RuEeV—RLTETWDE, L2LaRs, KEK SHERADOERTHLE L INDE
BERRIELDITE, SHICKRERFERLETHY, H-oTZOnHE5]



PART I1. AV GG S & 18

&) —RFLTWSRLERD D,

2.1 KHEEBHELI2AL—23VICLDEFQCD OME (scqed
JIL—7)

ZOTN—=TE, A=Ay Ea—F VPP-500 25T, Bg. mua- fr. B
FHEATHNESE fg. Bp. BEWar, 27 = FELPOHENTHE L, 20
LOFHETIINA TNV L AIEIBEVERIETAZ ENMLETHY, By
DOBEBITIIEETRADOEEEZ A SN - U— R - BEESEX2E 5 = & THE
L7z, # 5@ Bg OFERIT Particle Data Group IZHEEERZRME & L TEHAINT
BY, ZOZ LIZFOHENEGEANVE—YEZEDOaI 2=  TILL b T
WBZEERLTNS, £, AZERIFIHESDOB OMEOFHE A Belle EBR O
RN 2 Rk T DT OITARENTH D = k%%%bfk%tm

Qmoimx—ﬂ—n/tz—&ﬂwmo#%Aéht TEbBWn, TS
w—ju%%QTyjﬁ;Uﬁ?y7¢—7%@hﬁ7;y%ﬁwmi6&m
%%%%%bko:hﬂiwﬁghkﬁhBB\ﬁi@ﬁ%ﬁ@ﬁh%%?%
(fB.\/Bp.)/(f5/Bp) OFERIMRDOFFZ ) —RFTD5HDT, 7= Fiifd
zleo%izf”wﬁf’fﬁf%fm\ BEEALZ EERLEE, #BiE, ETHIFT T
DFHEEZA NP7 +—7 OBPIR LI AN TITORELZ L ERL TV D,
ZDIN—=FF, A== a vt a—HF Y AT LOFHEREM D 5B D 90% %l
LTWb, AZRESIT., ZONV—7/EREZ Y — RT3 REHTTVWBZ &
IZOWTHE %%#5

INHORERIZKEK OERFEZ T TR, AT OEZ L X —YHD 2
Sa=F 4l oT, BODTEERLLDTHD, ZOWELZRIEDITIE.
BT =TI L 6 W R U EORERLEIT R D, (ZRUTIT X ViR 72
HERALETHD, ) LendoT, b LADRHERESE LN 2 51E, 5
EFMNVTRENRERZDITDLZEPHFETED, SB—FDIBIIT AV IR
g —wm v D7V —FBEE S R A T ﬁée%ﬁéhé AZHRIT
ZOEFEEN R EKEZEOTD, KEK DU ERTRTOERE %kéioﬁ
<EVET 2,

2.2 QCDICBII5BFEFALAHBBELE/ R—ILDELTAIL
A2k 5K (scknza T IL—T)

ZDTNV—=T1F, T R—)VEHED QCD DO LiIADEEIZB W TARENTH D
EWVWH N7 =T NOTREFALE S LEATWDS, BT =V I v 25 0E
BIZXoT, 613 (1) 7=V TV, BRO(2) B/ R— VBRI &E %
RieLTWaZ ez RWHLE, &g, #1700 7 3 —7- K7 +— 7ot
RO ZE BIZRZD L OITR Lie Z ST BN,

DT N—T OMEFRERIT., A UIAOEEOMSHNREMIZ» Y OESE
bleb Lz, LPLaeRns, BZf VX —TONKn O3 eEET 5701
E2 5 FEREE W) BEETIIRZ LTV,

Fo, ZOTN—FITEV Y THREZEERO 5 B2 720 OF L AMEhI T
NI EHRLTRERZ,

23 T7AVIUEREOHBHELEIRILI—YE~OLH
(scminami 7 JL— J)

ZOTN—=TF, 1 KB NIL2 KD 5 n BA~DOEEDO~Y 2T 1 RIE % HERIZ
AT 57 v T A (GRACE) #B% Lic, Zhud, BEHERAD 2\ 18R FiE



PART I1. AV GG S & 19

R ORBROHBICHNGND, EE, ZHUIA XV PR L —FDV = xR
L—HZ L THIFEREHEDOTH Y, LEP ERICBWTIALFbh T3, 1 b—
TDEAT VT A (n=2 BEV n=3 OV D) DFEI ;075%5/\/7—:/%
BT ANOEBIZHY, BRNV—THEDMIEIN TS, FEALEDY
%%@ﬁmucmj%x%u—\7417*E&motﬁ %/X%Awﬁ
LoTEz2BND, o, 4 EEEEE % h%@ﬁ TIIARE %T%éozw
N r =k, LHC SRk ORI % Hé%ﬁﬁﬁ%@%ﬁ WAL i
BT BIEAD,

Z 9 L H M TOMEIL, oV X—yHomtsa TE bhERT —¥
T 5 ETRENTHY, AT TN D07V — 7#H%®A/7 Y
EREPTHS, SR LERE Y — NTAMEERIT DO, ZoEES
% by e A %vz%Amiwﬁﬁ—b#ézkﬁégfﬁéo

AZERF, ZOINV—TNEL OBEBERIGITBWTHRAZ ) — K+ 255k
%%%waé LIt EEE LR,

24 FARBESIUVEEIZHITSQCD (sctaro JIL—7T)

ZIOZN—TF, BREERBIOVEBEETON R VEEOWR 2 IEEHKRTF o
TTTHOTWD, TA TVBRE~DOIERIZE I, B X OEREEN, BX
NT—, X7 F— AHT—, BIOER T ¥ —RTIZONTREORBEK L LT
BonTWd, £, BREBETONRu VEEOMIEORIDRALNDIE I,
A TNRFNT AL (b)) 03, BROIFERT vy v Db L THEIN,

BB, BEZOINV—TFIZE D YT ONTZEFD D B ) O BMEb
TVWRNWZ EHFRLTRETZN,

Z OBIZERHENL, J-PARC TOp-A (HDWT A-A') BEZRERICEHRL TV D,

25 #FQCD IIHEITHBFHERENRKIY FOE—ZZA
WI=RRY FILEEH (scmelqed FIL—T)

ZOINV—TE, BOBURHRE LRk e E— kAW TETERETO
FABERAE D D A MVEER AR E T Z L T, BT ORIREEEIZE L TV D,
27 VBRI kmmemw)kNww%)M¥%ﬂm#5t Iz, N T4
JENIR &N, 74— BERPREVE ZITIEREBENSEE IR Y, EF
DEERITH > TR B D O YERL DIEFF O RIEIL, MERIARFE OIBIR TIT Mk S
NBHZERHLNITR T,
’®ﬁnﬁ¥imﬂ#ioti#01 FHEEIIZ 3RV, £, ZOH
21X J-PARC ITRBITDMFERED—D2THAI NN a U HFIZE>TEETH D,

2.6 WMAMHBEERICEIIBFHELE(F VEROHAR
(scnucl /scsokaku %' )L— 7)

ZOTN—=FE3 OOBEERTE L TND, (1) N A —EOfE, (2) REB X
ORLEROWEE, (3) PR RLVX—COEA A EHZE, (1) ISR LT, HHiE
BN, N—=EOWFRICH 7 ZAREEZHWT, Y-N BXOY-Y HEERICET
LEREBIEH Lz, £, A-S BADBNA =B O —RBRICAEH TH
HZEEFER L, (2) & (3) LTI, BEIEZSEROMBEANLHFNE LT,
FRFME s T B EZ AV, T RREZEOBFY R #ESCEA 4 U EETOS
BEWRHROKETEZHAT L Z LITRHI LT,

B 5 OZEITIE D72 Y OFFERRIAE D U THN, TDIEEAEZHFNEST
Wb, ZOZEE, 7ul I A0RBIERLISBRINTNEZLERLTNS,



PART I1. AV GG S & 20

%5 DOMPFENSEIIEH ORI THY . J-PARCICBITA2A ML VYR A
B E A A AR ER EBEHEICEEL WS,

2.7 BIENFEYE (scastro JIL—T)

ZOTNV—TE, BEEY T N7 LEEMRRRY T I N—T D200 675
TW5, BHEY 7 7 Vv—713, @HEREDOY IaL—Y ara— N (HERS
Niz 1w a— REBM{bENZ 2 KO 3Rc=a— F) ZFAFE L, BllshTn
% R TOER-FEE 2 EMHRICHBA L, £72, SN1987a 5 D==—FhR
JERE, =a— N JIEBOREEMN L EE L CTEMBNT Lz, BEMESRY T 7
N—T1F, BETAZHEFHETELZORBTIENERE, A RTTA vy aX
A4 A L — %Wﬁ AR T RERX 2RI < Z L THE L,

DT N—FIT BRFHARMAE Y B TENER, TTEELRTY
AN z—A~:/t1—&~056@5Wﬁmﬁugﬁwﬂﬁbh&wo:@
L, FHOBIZBWTZ T TIER BRI FRFEDEICBWTHLEETH Y,
J-PARC TIfTbNb==2— I /JHRIZHEFRL TN D,

3 HEKERLLI—YIRIE

A—N—avEa—ZOBMEIT, BARIZH - & bMEERELEAES 2D X5,
WUNBIREN TS, ZOFEKIE, FERIEHAPH TH LT QCD DKM
By Ial—vavil@ilieboThy, EFIHRNIEHIN TS, BE
BEORIT, T QCD ONHITHbNFEKLE L TiTbo L bR L DT
HoTz,

A== E2—ZDTOP500 U A MZ XX, 2000 4F OB AT A
TYO ZHIZTEETH A, 2002 FFITIT53 MLICETIEMZE ELTRY, 4%
baEIEDbTW LTINS, Kﬂ(#%%& THIR L FOMOKIRE S
Ra2lb—varvOnHThy 7O EZROTZHIZIE., FEEOEFHNLBEZOR
BLpb, BED EMOL v 2 VEKHIFIT, ﬁﬁ%&M%®%£ SEBET
HYVATLERIAMTDICIFETESL, 5%DOL 2 VERIL, ;DL%@%w
TERETH D,

HEM AR — T B ETEBEIL. A= —a L Ea— X B EKRBIIE D 2D
WEHETHD, ¥HE Y b —H 3y N TERBMEEST A%y U —7 OHEH
HiEE, EEHO—F DR — S —a v o — FZFHBEESWE L, SR
R b2 bT THAD, IMEDT 4 A7 DD TEEELZDE, T4 R
RELPHEBTLIZEVYEEND, T, A== P a—ZNRRETRNED
@ﬁ%%%;ﬁbfﬁﬁf—%bfm<_k%§%f%%50fﬁ&PC77—

AlF, A== Ea—FDa2—FDHIFOHEITIIZRORERRY 5 D,
FskDy 27 AOFEHFEZHDBIZIE, BARH5HE % IR LTI ESERA
AT OHEBRODRIEZ, BEEBRITHAZLEBHLETHS,

z—ﬂ—:/ti—&ﬂﬁmem%%?ét R RYR— RZ v T %
BT 5 Z Lid, BN BRFIHOTDITIIARE %&EE@%%O B Ze e L 7p o
71 QCD @T//a/%ﬁ:ﬁﬂﬂééﬁﬂ“é LR T DI LiF, FFICEET
b, A=N—a st a—FOFERICETIZV—2Y ay 73, A2 —F it
EEEETIOIKIZES2THA D,



PART I1. AV GG S & 21

4 BEIVAFLIZDWNT

ki/ 2 lb—3 g UHIEEERBESIT, A——a st a—ZORMEFE - T
17 ﬁn%@wﬁﬁpowf BELBIRT BB 2H-T0 D,

2ETHRAZEY, ARBERBFA——a vt a—FEFo>TiTbNT
Hn%m<£ﬁbfw5 L7 o T, BE EFERNIIMER <fThbhTnd
EEZD,

4.1 MEFBEDOHFRIZOWLT

AEELORDEZA, WS ODOHEIR, FIZIEPC 7 7R F =L, XViE
L7est BT —% T 7 F v —TELEDIZLHLTES, b, FV—7iITko

TIHHFBINED SNTHEAERMO S BE S UL2ER L Ty, 2721
ﬁ 2EIDRE LB ToNTWDTED, RozREfiTfo—3FIcE v S THI,
EFETIETRTOHERER A fHFLNTWD,

L7eRoTAREERT, SHERE R L2 —10h D IV IEH L HEREIR A%
EXESTHZ DI, HEOREEIZE > Tk, BY L 6IEhOFHEHE TE
TTEDXHIcT62Lz@)ET5,

K2 ERMOPFBICEHLTL, BIRTHAIICETHEEZTAMNLTEH
NTHDLIZ L AR T RETHD, ZOHBHDTEDIZ, TARNDIZDO/INRED
FEREHEICOWTIE, ERIZELTRDLIRETH D,

4.2 ®WEIOPzH FOBERFM=DOLT

AZBEDOHMTHLZATIE., TRTOWERBRITIATS I 21— 3 B
FERELTIHHEIND Z LT TWER, FTxI1TZOFMMEZ X VBB ICER
RN HTEET DI L EEET D, 1997 FEN S 2001 FEE TOARR R E
WMEZIT, RSB Z T D I2IEA+ 0 TH D, HFEOEECREREOF ML
EL L HBABIZEIPNTW R, FNZNOMZERE L, o5 OWFEH NG
TEDEHTELRETH D,

5122000 FEEICEALTIE, 3 /v —7OFEE L pBEHRIATELT., =
WIEHALICZIT AT, ZDOX D REHEIT, BEFICOR2BHICE-TH
LNTFE O TR T 25—k DEHEEER I O THD,

AEERT, HEFEOKVIZEEIBFOEMRICL25HEE2ITH> Z L 28
ET5, £, —BRICHLEMTEZLX I BRMEEHOELDE T =T X—U TR
BT2Z2¢b359H5,

5  #EES

51 ZEROEK

BIEIX, KEK 2A—/S—ay bt a—F L 27 ADERITEFHER %YL ¥ —EITE
MENBZRA—N—a Lt 2a—F AT LERNEZELO T {ThhvTnwbd, —Hh,
TR EORIR &SRB OB DT ATEY I 2 L — a VIFREEZBESPRE
T5,

fFFEEtE & G R OEH L IXEWICERZ IR L TWA DT, MENEVIF
JELRZWE OB —MICHB SN DI NETHD, ZOZ L, HiTEko R—~—
IV a—FIC LA EERET D & XITITEEIZR B,

L7z >TAEZESNT. KEK BEEOTIC, KA I 21— 3 UIfROE
ékxﬁﬂﬁﬂ/t1*?/17A®%%®ﬁﬁ%@5?5§§%% FTBHZE



PART I1. AV GG S & 22

EHRETA, Lo T, KEK DA —5—a v Ea—XOHRMIT. 5125
BRICRRICEB TX A1 THAH, A— —ar ¥ a—F |2 L 5%
HEORKOH AL, ZOHLWEELTHmSINDIZ LIThA I,

5.2 REMNBBICET SRR

AFBESOEBIL. MEFIORA— 1 —a v Ea—Z 2T 33 TH DA, 1k
DHABIOT VT ORI FIRFEDEZEO DD, FEE & L@y e/ akoqt
BHREOEEMEZHAL TR I LBV ETHDL EEZ D,
Lt#of$§axi KEK a3 a=7 s 2BOHFELEE L., TR
TR 5 EEBEROMEEH O/ v — L xy NU—27 DR T, F
BRFE A —NEEREE L TRIZL D A RENLIMET D2 L 2BET 5,

6 F&&H

BEDFRLT IR FEZDEE DML TlE, EFEE D O RKBR GRS < BRI D,
BN RE SN AR H B 2T AR LITE, BILWHIZRE e =7 F Ok
NIBIEOD0RV, HEADOWHIEDOZNRME LS N NEEIZ>TWEDTH D,
W O DOWELSZER LN, 2 LT, KBTI 21— 3 Vg
32T A OEREAZZERT 70075 LVMEEAZIREE L T L
WIODBRAREEEROBEZ ThDd, ZOHIEIX, KEK FiE721 Tk it o
FHIZHEMEOHEBRARE L TETRY, ZhCk-T, WHaI2=T 1
DOWFEE D, FERL TE < OBBRGECRIEICIR Y OB 2 %L L&z, K
ZEST., ZOHENEFIZEDRLOTHD EEDDLLLEDIZ, PHaIa=
T%ﬂiﬁi@fcy)i:\ SH%HZ zh%:-fL{kL 5@0}‘1‘—%?/\%1&)5}:%25
WHFE DKM U TIEFITE N, FRITI BB QCD TR\ TiX, B OWHIC
RIR 72512 < DY EDOFHE fﬁﬁ%)—bbrmé AFERIT, x—A~:
VEa—ZOMRERTY I 2L — g VIR RE U 1T X SRR O
HR— %, KEK 232 Z L 2@ < B 5,
SARFIE ORIEIX, R FEOY R— 22T _XToOMETed s
FLA%®%®T%D ELTHEI RTINSOV, REERIT. DLW DHHE
CORMEEEHL TN ZE TR Z L 2L Wb, Fi,
Kmxkﬂ/ 2 L—3 g VN Z O FE~DE—H B+ = L 2 T 5,
BgIZ, BRLET VT OEX %5 0iENETOFHBEERIZ O X 0 g AV FEK
T, #HERFE VX —DORE EHFRIEE 2 EE L T DD I LR 5 HmNT
THOLNDZ LA, REERFIHFHFLTWS,



Part 111

KEK Large Scale

Simulation Program

23



24



KEK Large Scale Simulation
Program

Report for the Large Scale Simulation Program
Review Committee

25



Chapter 1

KEK Large Scale

Simulation Program

1.1 Description of the program

In the theoretical research of particle and nuclear physics, the role of computing
has become indispensable to numerically solve nonlinear problems, which could
not be treated solely by analytic methods. In particle physics, the Quantum
Chromodynamics (QCD) — the elementary theory to describe the strong inter-
action — 1s one of such nonlinear problems, as its interaction becomes strong at
low energies where it is relevant to the dynamics of hadrons (low energy bound
state of quarks and gluons). Another important application where the numer-
ical method is essential i1s the theoretical study of nuclei, which is essentially
many-body system and hence its dynamics is quite nonlinear.

For these applications the numerical simulation provides a powerful tool,
but their computing demand is extremely severe, and the state-of-the-art simu-
lations have been performed on fastest supercomputer available at that period
of time.

At KEK the first supercomputer was installed in 1985 to satisfy the increas-
ing requirement of computing power. Since then, the supercomputer system has
been replaced about every five years as listed below.

year/month | machine peak performance
1985/06 Hitachi S810/10 350 MFlops
1989/01 Hitachi S820/80 3 GFlops
1995/01 Fujitsu VPP500/80 128 GFlops
2000/01 Hitachi SR8000/F1/100 1.2 TFlops

These machines have been mainly used for the large scale numerical simu-
lations in particle and nuclear physics, accelerator science and astrophysics. In
particular, a large portion of the CPU time has been spent on the simulations
of Quantum Chromodynamics (QCD).

Until March 1996, these supercomputers were used for the research programs
of KEK staffs and their collaborators. However, in April 1996, KEK started the
“Large Scale Simulation Program.” through which the dominant part of the
supercomputer resources was opened to research projects in high energy physics

26
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and related fields in Japan, in order to promote the large scale simulations with
supercomputers. ' The projects under the “Large Scale Simulation Program.”
are reviewd and approved by the “Program Advisory Commattee” formed by the
Director General of KEK.

Under the program, KEK calls for proposals of project to be performed
employing the supercomputer at KEK. Usually the formal announcement of the
call for proposals for next fiscal year (stating in April) is sent to universities in
November or December, and the proposals are accepted by late January. Then,
the Program Advisory Committee holds a committee meeting usually in March
to decide the approval and computer time allocation. The meeting consists of
an open session to hear from each research group and of a closed session of the
committee members to discuss on the approval.

The supercomputer is operated by the Computing Research Center under the
supervision of the Supercomputer System Operation Committee, which consists
of KEK staffs and members from institutions outside of KEK. The Computing
Research Center also supports users in the technical problems on the supercom-
puter system.

The subject of the present review is the Large Scale Simulation Program
and the research activities under this program in the period April 1996 — March
2001.

1.2 Program Advisory Committee

The Program Advisory Committee consists of both KEK staff members and
members from other institutions. They are appointed by the Director General
of KEK. The members of the committee are listed in the following tables.

Higashijima, Kiyoshi* | Osaka Univ.

Hirose, Tachishige Tokyo Metropolitan Univ.
Kobayashi, Makoto KEK, IPNS

Muta, Taizo Hiroshima Univ.

Ohara, Ken-ichi Niigata Univ.

Shimizu, Yoshimitsu KEK, IPNS

Watase, Yoshiyuki KEK, Computing Research Center
Yokoya, Kaoru KEK, Accelerator Lab.

Table 1.1: Program Advisory Committee: FY1996-1998 (* : chairperson)

The Program Advisory Committee reviews the research projects proposed
by each group and evaluate their scientific significance to decide the approval
of the proposals. Each proposal includes the detailed estimate of computer
time needed for the project, and the Program Advisory Committee decide the
machine time to be used by the project.

The high-end supercomputers as used for the Large Scale Simulation Pro-
gram show their best performance only when the computer program is tuned
for the architecture of the machines; otherwise, there is no significant difference
between the supercomputer and ordinary computers, and hence one may waste

LA small amount of computer time, say less than 10%, has been allocated for small sized
projects being performed by KEK scientists.
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Higashijima, Kiyoshi* | Osaka Univ.

Horiuchi, Hisashi Kyoto Univ.

Kobayashi, Makoto KEK, IPNS

Ohara, Ken-ichi Niigata Univ.

Shimizu, Yoshimitsu KEK, IPNS

Uematsu, Tsuneo Kyoto Univ.

Watanabe, Yasushi Tokyo Inst. of Tech.

Watase, Yoshiyuki KEK, Computing Research Center
Yokoya, Kaoru KEK, Accelerator Lab.

Table 1.2: Program Advisory Committee: FY1999-2002 (* : chairperson)

the machine power. Therefore, the performance of the simulation program writ-
ten by the research groups is a subject of review by the committee, in addition
to the significance of their scientific research.?

Three months before the end of fiscal year, the budgets (machine time) for
the projects are adjusted to avoid the situation that the machine is left unused
by any groups for the reason of the limitation of the budget. Thus, the used
CPU time by a project may exceed the originally approved value.

1.3 Research Projects

The applied projects and their allocated and used CPU time are listed in the
tables in the subsequent pages for each fiscal year. The value of CPU time in
the tables is multiplied by the number of machine nodes (80 for VPP500; 100
for SR8000) since they can run in parallel.

In January 2000, Fujitsu VPP500 was replaced by the new machine Hitachi
SR8000. The difference in the architecture of two machines is so large that the
effort of tuning of the programs was required. Therefore, the period March—July
2000 was assigned for the program tuning and the budget was not enforced.

2The groups that do not have enough experience with the architecture of the KEK su-
percomputer may apply for the Large Scale Simulation Program as a test project. Those
applications are usually accepted with computer time of 300 hours.
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Table 1.3: List of projects in FY 1996 (April 1996 — March 1997).

no. | group users | title
1 | scqed 15 | Study of QCD by numerical method
scknzw 14 | Monte-Carlo study of quark confinement mechanism
3,14 | scosaka 3 | Supersymmetry on a Lattice
4 | scjuhyo 5 | Transport coefficients of Quark Gluon Plasma
5 | scseries 1 | Series Expansion for Lattice Gauge Systems and spin sys-
tems by the Finite Lattice Method
6 | scastro 11 | Numerical Astrophysics
7 | scchaos 5 | Simulation of string theories
8 | sctaro 3 | Study of Perfect Lattice Action
9 | scminami 2 | Feynman amplitudes automatic calculation of and its ap-
plication to High Energy Physics
10 | scgauge 3 | Numerical Study of Dynamics of Chiral Gauge Theory
11 | scqed 1 | Study on Energy Spectrum of QED bound systems muo-
nium hyperfine structure
12 | scgrav 3 | Simulation of Quantum Gravity and its Renormalization-
Group Analysis
13 | sccpnl 3 | Monte Carlo Simulations of Field Theories with Topolog-
ical terms

Table 1.4: List of approved budgets and their

usage in FY 1996.

no. | group spokesperson CPU (hours)
requested | accepted used
T | scqed M. Okawa KEK, IPNS 336,000 | 336,000 | 524,439
2 | scknzw T. Suzuki Kanazawa Univ. 10,040 10,040 3,633
3, 14 | scosaka Y. Yoshida Osaka Univ. 1200 1200 649
4 | scjuhyo S. Sakai Yamagata Univ. 1,000 1,000 3,604
5 | scseries H. Arisue Osaka Prefectual 50 50 0
College of Tech.
6 | scastro H. Suzuki KEK, IPNS 38,400 38,400 1,552
7 | scchaos T. Yukawa The Graduate 52,000 1,000 891
Univ. for Ad-
vanced Studies
8 | sctaro O. Miyamura | Hiroshima Univ. 3,300 3,300 77
9 | scminami | K. Kato Kogakuin Univ. 43,000 43,000 2,251
10 | scgauge Y. Kikukawa | Kyoto Univ. 1,210 1,210 659
11 | scqed M. Nio Nara Women’s 4,200 4,200 6,196
Univ.
12 | scgrav J. Nishimura | Nagoya Univ. 20 20 72
13 | sccpnl H. Yoneyama | Saga Univ. test 6
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Table 1.5: List of projects in FY 1997 (April 1997 — March 1998).

no. | group users | title
15 | scqcd 18 | Study of lattice QCD by large scale numerical simulation
16 | scgauge 2 | Numerical study of dynamics of chiral gauge theories
17 | scknzw 15 | Monte Carlo study of quark confinement mechanism
18 | scgrav 2 | Simulation of Quantum Gravity and its Renormalization-
Group Analysis
19 | scqed 1 | Radiative corrections of QED bound systems
20 | scseries 1 | Series Expansion for spin systems by the finite-lattice
method
21 | scchaos 1 | Numerical Simulation of String theory
22 | scastro 8 | Numerical Astrophysics
23, 29 | sclngvn 2 | Applications of the Langevin method to the lattice QCD
24 | sctaro 7 | Study of perfect lattice actions
25 | scibac 4 | Simulating galaxy formation
26 | sccpnl 1 | Monte Carlo Simulation of Field Theories with Topologi-
cal Terms
27 | scjuhyo 8 | Study of Gluon Propagator at finite temperature and
transport coefficients of Quark Gluon Plasma with Im-
proved Action
28 | scminami 2 | Feynman amplitudes automatic calculation of and its ap-
plication to High Energy Physics
30 | scnucll 2 | Theoretical study of nuclear physics with numerical sim-
ulations
Table 1.6: List of approved budgets and their usage in FY 1997.
no. | group spokesperson CPU (hours)
requested | accepted used
15 | scqcd M. Okawa KEK, IPNS 417,000 417,000 | 477,474
16 | scgauge Y. Kikukawa | Kyoto Univ. 990 990 0
17 | scknzw T. Suzuki Kanazawa Univ. 9,400 9,400 8,055
18 | scgrav J. Nishimura | Nagoya Univ. 1,000 1,000 1,315
19 | scqed M. Nio Nara Women’s 18,000 18,000 17,879
Univ.
20 | scseries H. Arisue Osaka Prefectual 50 50 0
College of Tech.
21 | scchaos T. Yukawa The Graduate 1,200 1,200 12
Univ. for Ad-
vanced Studies
22 | scastro H. Suzuki KEK, IPNS 12,800 12,800 659
23, 29 | sclngvn H. Nakajima | Utsunomiya Univ. 3,200 3,200 260
24 | sctaro O. Miyamura | Hiroshima Univ. 800 800 1,347
25 | scibac M. Yokozawa | Ibaraki Univ. test test 1
26 | sccpnl H. Yoneyama | Saga Univ. test test 0
27 | scjuhyo S. Sakai Yamagata Univ. 4,200 4,200 2,797
28 | scminami | K. Kato Kogakuin Univ. 17,800 17,800 6,858
30 | scnucll Y. Enyo KEK, IPNS 22,774 22,774 22,226
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Table 1.7: List of projects in FY 1998 (April 1998 — March 1999).

no. | group users | title
31 | scqed 1 | Radiative corrections of QED bound system
32 | scqed 17 | Study of lattice QCD by large scale numerical simulation
33 | scknzw 18 | Monte Carlo study of quark confinement mechanism
34 | sclngvn 2 | The Lattice QCD Simulations in Landau Gauge
35 | scastro 8 | Numerical Astrophysics
36 | sctaro 9 | Study of perfect lattice actions
37 | scminami 10 | Feynman amplitudes automatic calculation of and its ap-
plication to High Energy Physics
38 | scgrav 4 | Numerical Simulation of Quantum Gravity and Renormal-
ization Group Analysis
39 | scnucll 3 | Theoretical study on nuclear physics with numerical sim-
ulations
40 | scchaos 5 | Numerical Simulation of String theory
41 | scocha 3 | Phase Transition on a Lattice
42 | scjuhyo 3 | Analysis of calculation of transport coefficients of quark
gluon plasma and simulation on anisotropic lattices.
43 | scgauge 2 | Restoration of local gauge invariance in lattice chiral
gauge models and BRST invariance
44 | scstring 4 | Non-perturbative formulation of string theory
Table 1.8: List of approved budgets and their usage in FY 1998.
no. | group spokesperson CPU (hours)
requested | accepted used
31 | scqed M. Nio Nara Women’s 18,000 18,000 16
Univ.
32 | scqed M. Okawa KEK, IPNS 433,000 | 394,600 | 468,722
33 | scknzw T. Suzuki Kanazawa Univ. 45,700 41,860 32,813
34 | sclngvn H. Nakajima | Utsunomiya Univ. 3,660 1,900 1,910
35 | scastro H. Suzuki KEK, IPNS 17,400 17,400 7,930
36 | sctaro O. Miyamura | Hiroshima Univ. 3,000 3,000 1,912
37 | scminami | K. Kato Kogakuin Univ. 4,600 4,600 5,645
38 | scgrav J. Nishimura | Nagoya Univ. 5,000 5,000 1,490
39 | scnucll Y. Enyo KEK, IPNS 50,500 50,500 39,716
40 | scchaos T. Yukawa The Graduate 1,000 300 1
Univ. for Ad-
vanced Studies
41 | scocha A. Sugamoto | Ochanomizu 4,600 4,600 1
Univ.
42 | scjuhyo S. Sakai Yamagata Univ. 200 200 1
43 | scgauge Y. Kikukawa | Kyoto Univ. 990 990 0
44 | scstring H. Kawai KEK, IPNS 2,500 2,500 27
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Table 1.9: List of projects in FY 1999 (April 1999 — December 1999).

no. | group users | title

45 | scqed 18 | Study of lattice QCD by large scale numerical simulation

46 | sclngvn 2 | The lattice Landau gauge QCD simulation

47 | scknzw 17 | Monte Carlo study of quark confinement mechanism

48 | scnucll 3 | Theoretical study of nuclear physics with numerical sim-

ulations
49 | scminami 10 | Feynman amplitudes automatic calculation of and its ap-
plication to High Energy Physics

50 | sctaro 9 | Study of QCD Thermo-Dynamics by Improved Actions

51 | scjuhyo 4 | Preliminary Simulation on Improved Anisotropic Lattice

52 | scastro 8 | Numerical Astrophysics

53 | scgrav 3 | Numerical Simulation of Matrix Models

Table 1.10: List of approved budgets and their usage in FY 1999.

no. | group spokesperson CPU (hours)
requested | accepted used

45 | scqed M. Okawa KEK, IPNS 287,000 | 287,000 | 341,602

46 | sclngvn H. Nakajima | Utsunomiya Univ. 3,320 3,320 4,634

47 | scknzw T. Suzuki Kanazawa Univ. 34,180 34,180 1,640

48 | scnucll Y. Enyo KEK, IPNS 17,620 17,620 16,488

49 | scminami | K. Kato Kogakuin Univ. 4,600 4,600 3,566

50 | sctaro O. Miyamura | Hiroshima Univ. 2,600 2,600 4,657

51 | scjuhyo S. Sakai Yamagata Univ. 280 280 0

52 | scastro H. Suzuki KEK, IPNS 20,800 20,800 22,091

53 | scgrav J. Nishimura | Nagoya Univ. 3,000 3,000 237

Table 1.11: List of projects in FY 2000 (August 2000 — March 2001).

no. | group users | title

54 | scqcd 17 | Study of Hadronic matrix elements by large scale numer-
ical simulation of Lattice QCD with effects of dynamic
quarks

55 | scminami 10 | Feynman amplitudes automatic calculation of and its ap-
plication to High Energy Physics

56 | scgrav - | Numerical simulation of matrix model

57 | sclngvn 3 | The lattice L.andau gauge QCD simulation

58 | scsokaku 3 | Nuclear structure and heavy ion reaction studies with mi-
croscopic simulation

59 | scknzw 15 | Monte Carlo study of quark confinement mechanism

60 | scmelgcd 4 | Analysis of spectral function in quantum mechanics of fi-
nite temperature with maximum entropy method

61 | scjuhyo 2 | Study of hadrons with heavy quarks on an anisotropic
lattice

62 | scrabbit 10 | Study of non-perturbative vacuum and properties of
hadrons by simulation of lattice QCD

63 | scastro 8 | Numerical Astrophysics

64 | sctaro 11 | Study of hadron spectrum of finite temperature in lattice
QCD

65 | scconfig 1 | London penetration depth as a confinement order param-
eter
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Table 1.12: List of approved budgets and their usage in FY 2000.
no. | group spokesperson CPU (hours)
requested | accepted used
54 | scqed M. Okawa KEK, IPNS 450,000 | 450,000 | 469,950
55 | scminami | T. Kaneko Meiji-Gakuin 9,000 9,000 233
Univ.
56 | scgrav J. Nishimura | Nagoya Univ. rejected
57 | sclngvn H. Nakajima | Utsunomiya Univ. 1,400 1,400 1,115
58 | scsokaku | Y. Enyo KEK, IPNS 13,400 13,400 10,653
59 | scknzw T. Suzuki Kanazawa Univ. 13,400 13,400 685
60 | scmelqed | M. Asakawa Nagoya Univ. 2,660 2,660 0
61 | scjuhyo S. Sakai Yamagata Univ. 1,980 1,980 0
62 | scrabbit H. Suganuma | Tokyo Inst. of 9,500 9,500 1,615
Technology
63 | scastro H. Suzuki KEK, IPNS 49,600 49,600 1,511
64 | sctaro O. Miyamura | Hiroshima Univ. 10,800 10,800 5,918
65 | scconfig T. Matsuki Tokyo-kasei Univ. 300 300 1
Table 1.13: List of projects in FY 2001 (April 2001 — March 2002).
no. | group users | title
66 | scqcd 16 | Study of Hadronic matrix elements by large scale numer-
ical simulation of Lattice QCD with effects of dynamic
quarks
67 | scminami 8 | Feynman amplitudes automatic calculation of and its ap-
plication to High Energy Physics
68 | scalar 7 | Study of sigma meson in lattice QCD
69 | sclngvn 2 | The lattice Landau gauge QCD simulation
70 | scsokaku 3 | Nuclear structure and heavy ion reaction studies with mi-
croscopic simulation
71 | scknzw 15 | Monte Carlo study of quark confinement mechanism
72 | scmelqged 4 | Study of nucleon excited states in numerical simulation of
lattice QCD with maximum entropy method
73 | scjuhyo 3 | Study of heavy quarks on an anisotropic lattice
74 | scrabbit 5 | Study of non-perturbative vacuum and properties of
hadrons by simulation of lattice QCD
75 | scastro 8 | Numerical Astrophysics
76 | sctaro 7 | Study of hadron spectrum of finite temperature in lattice
QCD
77 | scconfig 1 | London penetration depth as a confinement order param-
eter
78 | schyper 2 | Development of strangeness nuclear physics
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Table 1.14: List of approved budgets and their usage in FY 2001.
no. | group spokesperson CPU (hours)
requested | accepted used

66 | scqed M. Okawa KEK, IPNS 644,000 | 644,000 | 674,545

67 | scminami | M. Kuroda Meiji-Gakuin 6,900 6,900 2
Univ.

68 | scalar M. Sekiguchi | Kokushikan Univ. 5,950 5,950 5,336

69 | sclngvn H. Nakajima | Utsunomiya Univ. 10,500 10,500 4,339

70 | scsokaku | Y. Enyo KEK, IPNS 23,520 23,523 14,844

71 | scknzw T. Suzuki Kanazawa Univ. 23,520 23,523 10,393

72 | scmelqed | S. Sasaki Tokyo Univ. 8,950 8,950 5,179

73 | scjuhyo S. Sakai Yamagata Univ. 300 300 0

74 | scrabbit H. Suganuma | Tokyo Inst. of 29,000 29,000 1,843
Technology

75 | scastro H. Suzuki Tokyo Univ. of 48,400 48,400 2,394
Science

76 | sctaro O. Miyamura | Hiroshima Univ. 51,000 51,000 21,008

77 | scconfig T. Matsuki Tokyo-kasei Univ. 300 300 6

78 | schyper Y. Akaishi KEK, IPNS 4,400 4,400 1,435




Chapter 2

Supercomputer systems at

KEK

Fujitsu VPP500/80 was installed in January 1995. The structure of the system
is shown in Fig. 1. The system comprises 80 processor elements, each of which
is a vector processor with an accompanying scalar processor and a distributed
memory of 256 MB. The I/O performance has been improved by using the large
buffer memory in the front-end processor.

In March 2000, the Fujitsu VPP500 was replaced by Hitachi SR8000/F1.
Hitachi SR8000 Model F1 is a supercomputer consists of 100 nodes connected
by a fast dedicated network.

Each node has 9 processors, one of which is for the operating system and the
other 8 processors are used for numerical calculations. These 8 processors in a
single node work in parallel, which is called “element parallel” operations. The
Fortran and C compilers analyze the logical structure of users’ source codes to
find calculations, which can be carried out in parallel, and generate object codes
automatically. The parallel processing of multi-node can be written as usual
using message passing library, such as the Message Passing Interface (MPI).
Thus, the machine has a hierarchical parallelism within a node and among
nodes. The peak performance of each node is 12 GFlops. In total, the peak
performance is 1200 GFlops with 448 GB main memory. The structure of the
computer system is shown in Fig. 2.

Thirty nodes out of one hundred serve also as I/O nodes, which are connected
to disk array with 71.5 GB for each and the total storage size 1s 2,145 GB. Tape
library Sony DMS-K140L is connected to the system which can store up to 138
volume of 200GB magnetic tapes.

The system is equipped with Hitachi HI000V /L1000 server, which works as a
front-end processor. In order to keep the security of the system, the system can
only be accessed from registered hosts with ssh(secure shell) command through
front-end machine.

35
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Fig.1 Fujitsu VPP500/80 system
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2.1 Usage of the machine

Monthly usage of SR8000 is shown in Fig. 3, which shows the ratio of used time
to the service time and the ratio of time used for element parallel operations in
the CPU time. More detailed monthly usage is shown in Table 1.

The usage of each project is shown in the subsequent tables.
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Monthly usage of SR8000
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1.1 Members

The scqed group is officially known as the JLQCD collaboration. The group
leader is Masanori Okawa (KEK till 2001; moved to Hiroshima University early
2002). The current members of the JLQCD collaboration are the following.

Shoji Hashimoto, Takashi Kaneko, Yoshinobu Kuramashi,
Shinichi Tominaga, Naoto Tsutsui, Norikazu Yamada

High Energy Accelerator Research Organization (KFEK),
Tsukuba 305-0031, Japan

Sinya Aoki, Yoichi Iwasaki
Institute of Physics, Unwersity of Tsukuba,
Tsukuba 305-8571.

Ken-Ichi Ishikawa, Naruhito Ishizuka, Kazuyuki Kanaya, Akira Ukawa,
Tomoteru Yoshié
Institute of Physics, Unwersity of Tsukuba,
Tsukuba 305-8571.
and
Center for Computational Physics, University of Tsukuba,
Tsukuba 305-8577.

Masataka Fukugita
Institute for Cosmic Ray Research, University of Tokyo,
Kashiwa 277-8582.

Tetsuya Onogi
Yukawa Institute for Theoretical Physics, Kyoto University,
Kyoto 606-8502.

Masanori Okawa
Department of Physics, Hiroshima University,
Higashi-Hiroshima 739-8526.

1.2 Research overview

The prime goal of the JLQCD collaboration is to calculate a range of physical
quantities relevant to hadron phenomenology starting from the first principles
of the strong interaction, i.e. Quantum Chromodynamics (QCD). The quanti-
ties of interest include hadron masses, quark masses, weak interaction matrix
elements.

In particular, the calculation of the weak matrix elements is a necessary step
to extract fundamental parameters of the Standard Model from experimental
data, and the lattice QCD simulation provides an unique possibility to calculate
them without employing some model assumptions. The kaon B parameter, the
B meson decay constant and B parameter, and the B meson semileptonic decay
form factors are among the most important physical quantities in this respect.

The collaboration started in 1995 when the Supercomputer project of KEK
was launched. The members have enough experiences on the lattice gauge theory
and its numerical simulations, so that we could quickly write effective computer
program for the parallel vector supercomputer Fujitsu VPP-500/80, which was
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the most powerful machine used on this field. The works described in Section 1.3
had been done on VPP-500.

In 2000 the Fujitsu machine was replaced by a 10 times faster machine
Hitachi SR8000-F1/100. Then, we decided to use the increased machine power
to eliminate the quenched approximation in the previous lattice calculations.
This project is still underway and its status is reported in Section 1.4.

1.3 Works done on VPP-500

1.3.1 Kaon B parameter

The precise calculation of kaon B parameter By is crucial for the determination
of a Kobayashi-Maskawa matrix element Im V;4, which describes the magnitude
of CP violation in the Standard Model.

In the lattice calculation of Bg the chiral symmetry plays an important
role as it forbid a mixing of the relevant AS=2 operator (5d)z(5d)r with other
operators carrying different chirality. Unless the mixing is forbidden, the matrix
element calculated on the lattice contains unwanted pieces which may diverge
in the limit of physical quark masses. The perturbation theory was originally
used to eliminate the mixed operators, but it turned out the the accuracy is not
enough to obtain By reliably.

To avoid this problem we developed a method to subtract the mixed oper-
ators nonperturbatively [15, 10]. We use a set of chiral Ward identities as a
renormalization condition to determine the mixing parameters for the Wilson
fermion, which explicitly breaks the chiral symmetry at finite lattice spacing
a. As a result we found that the result for By is stable against the change of
lattice spacing albeit with a large error bar.

Another possible solution to the above problem is to use a lattice fermion
action which maintains the chiral symmetry. The staggered fermion is one of the
candidates of those lattice fermions. One of the problems in this case is a large
scaling violation, which is probably a property of the (unimproved) staggered
fermion. In order to control the large scaling violation, we adopt a brute-
force strategy: namely we performed several sets of lattice simulations changing
lattice spacing a from 0.24 fm to 0.04 fm, which corresponds to lattice size from
12 3x24 to 563x96 [13]. Then, we extrapolate the data with a theoretically
expected O(a?) form including some higher order terms. The extrapolation is
plotted in Figure 1.1.

The result of this work 1s currently considered as a standard input for CKM
matrix elements fitting, and is even treated as a “benchmark” result for B . It
means that 1t is used to test other modern formulation of lattice fermions which
preserves chiral symmetry.

1.3.2 Light quark mass

The quark masses are fundamental parameters of the Standard Model, and
hence their precise determination is important to gain insight into the mecha-
nism of mass generation in nature.

The accuracy of the lattice calculation of light quark masses was limited by
the large perturbative coefficients in the matching of the continuum operator
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Figure 1.1: Bg with the staggered fermion. The results are plotted as a func-
tion of lattice spacing. Two symbols represent different lattice operators which
should eventually lead to the same continuum limit.

onto 1ts lattice counterpart. Therefore, an essential step to obtain reliable es-
timate for the quark masses is to calculate the matching in a nonperturbative
way. We performed such a nonperturbative matching for the staggered fermion
action using the Regularization Independent (RI) scheme, and calculated the
light quark masses extrapolated in the continuum limit as shown in Figure 1.2

[9].
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Figure 1.2: Light quark mass with the staggered fermion. The results are plotted

as a function of lattice spacing squared.
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1.3.3 Pion decay constant

For the staggered fermion which preserves chiral symmetry in a flavor-mixed
direction, the partially conserved axial current may be defined and the problem
of the perturbative matching is absent. We calculated the pion decay constant
with and without the partially conserved axial current and investigated the
effect of the (non-)perturbative matching [6].

1.3.4 Proton decay matrix element

The proton decay is an unique prediction of the Grand Unified Theory (GUT)
models, and its experimental search is one of the most interesting frontiers in
particle physics. In order to make an accurate prediction on the decay rate from
a certain model, however, one needs a nonperturbative calculation of the hadron
matrix element, in which a GUT operator is sandwiched by the proton state
and a final state meson. The lattice QCD is the only possibility to calculate
such matrix element in a model independent manner.

We studied the proton decay matrix element in some detail and found that
the matrix element seems to be larger than the estimate of the chiral lagrangian
by a factor 3-5 [7] which gives stronger constraints on the model parameters of

GUT theories.

1.3.5 B meson decay constant and B parameter

The B meson decay constant fp and B parameter Bp control the magnitude
of the neutral B meson (B°~B") mixing, and thus they are needed to extract
the Kobayashi-Maskawa matrix element |V4|, which is crucial in the test of the
unitarity of the Kobayashi-Maskawa matrix. The lattice calculation of these
parameters is one of the main goals of our collaboration.

The lattice simulation of heavy quarks such as the b quark requires a ded-
icated treatment, since their mass is too large to simply simulate on a lattice
with currently available lattice spacings.

We first attempted to calculate fp using the conventional Wilson fermion
and its O(a)-improved version, which requires a reinterpretation of mass pa-
rameters when used for heavy quarks (El-Khadra, Kronfeld, Mackenzie, 1993).
We performed an investigation of its lattice spacing effect and found that fp
is already insensitive to the lattice spacing around @ 2~ 0.1 fm, and then we
obtained the results in the continuum limit as presented in Figure 1.3 [11].

We also carried out a calculation of fp using the lattice NRQCD, an effective
theory valid for heavy quarks. We studied the systematic errors associated with
the effective theory using lattice data at several lattice spacings and found that
they are controlled at 10-15% level [8]. The result is totally consistent with the
other approach, and hence 1t makes the lattice calculation of fg more confident.

More recently, we have carried out a calculation of the B meson B parameter
Bp using the same NRQCD formulation for heavy quark and published the most
complete calculation of this quantity [2].

1.3.6 B meson semileptonic decays

The B — wlv semileptonic decay may be used to extract the Kobayashi-
Maskawa matrix element |Vy5|. The basic strategy to calculate the form factor
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Figure 1.3: Heavy-light decay constants normalized as fp\/Mp with physical
scale given by the string tension. Circles denote fp./mp while squares are
Jfp+/mp. Continuum extrapolation is shown for both Wilson (open) and O(a)-
improved (filled symbols) fermions.

for this decay mode is the same as those used for fg and Bpg, but it is compu-
tationally more demanding as it requires the simulation of mesons with finite
spatial momenta. Also, the heavy quark scaling is less simple due to the ¢
dependence of the form factor, where ¢ is the momentum transfer to the final
state lepton pair.

We calculated the necessary form factors f*(¢?) and f°(¢?) through their
another definition fi(v - k) and f2(v - k) motivated by the Heavy Quark Effec-
tive Theory (HQET). The advantage of the HQET motivated form factors is
that their heavy quark scaling is manifest, and therefore it is easy to interpo-
late/extrapolate as a function of 1/mq. The lattice calculation was performed
using the NRQCD action as applied to fg and Bp in our previous works. We
investigated the heavy and light quark mass dependences in detail, and obtained
a physical prediction for partial decay rate integrated over a certain kinematical
region [5].

1.3.7 7w scattering

One of the most challenging problems in the low energy hadron physics is the
understanding of the A7 = % enhancement and the quantitative estimate of the
direct CP violation ¢/ /e. As a first step toward this goal, we investigated the 77
scattering in the lattice simulation. For the I = 2 channel, which is the simplest
channel among the 77 interaction precesses, we have successfully obtained the
scattering length by actually calculating the four-point correlation function and
the energy shift relative to the free two-pion state [3]

1.3.8 QCD thermodynamics

The dynamical properties of QCD at zero temperature are the confinement and
spontaneous breakdown of chiral symmetry. Both of these properties disappear
through a phase transition at finite temperature. It is very important to make
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a nonperturbative study of the phase transition by lattice QCD, since its pre-
diction can be tested by heavy ion experiments and gives information on the
evolution of the early universe.

To understand the nature of the phase transition, systematic finite size scal-
ing studies are necessary. Including the effect of dynamical quarks with the
staggered fermion, we performed a scaling analysis of susceptibilities as a func-
tion of the quark mass and found an indication that the second order phase
transition locates at the zero quark mass limit and disappears for non-zero
quark masses [14].

1.4 'Works being done on SR8000: Dynamical
QCD simulations

Due to the limitation of computational resources, most of the studies described
in the previous sections employed the so-called quenched approximation, with
which one neglects the effect of dynamical creation and annihilation of quark
and anti-quark pairs. It induces an uncontrollable source of systematic errors,
and should eventually be eliminated by performing unquenched simulations,
which include the dynamical quark effects.

Therefore, we shifted our main project to the dynamical quark simulations
in 2000 when the supercomputer served for the KEK Supercomputer project
was updated to a over-tera-flops machine Hitachi SR8000, which was the most
powerful machine at that time available for the study of lattice gauge theory.

Since the projects are ongoing, most of the works presented in this section
have not yet published as journal papers, but some preliminary results have
been reported at some conferences (mainly at the annual lattice conferences).

1.4.1 Two-flavor QCD simulations

We started dynamical QCD simulations using the O(a)-improved Wilson fermion
with a nonperturbatively determined improvement coefficient csw (Jansen, Som-
mer, 1998). The first several months were devoted to develop efficient simulation
program working on the new machine, and also some improvements in the dy-
namical fermion simulation were pursued. Some of the results are presented in
[4].

Since we aimed to calculate hadron matrix elements as described in Sec-
tion 1.3, we chose the lattice spacing relatively small, @ ~ 0.1 fm, to control the
systematic errors associated with the finite lattice spacing. The price to pay
is the limited physical volume. We, therefore, first studied the finite size effect
in some detail performing simulations on 123x48, 163x48, and 203 x48 lattices.
We found that the finite size effect can be kept small on our largest lattice for
mesons, while it is more problematic for baryons [28, 19].

Our first observation in our dynamical quark simulation was the sea quark
effect in the light meson hyperfine splitting. In the quenched approximation, it
was known that the K* mass is much lower than the experimental value when
the strange quark mass is determined by the K meson mass as input. In our
dynamical simulation we found that this disagreement becomes smaller as the
sea quark mass decreases, which is a clear indication of the sea quark effect

[21, 19].



CHAPTER 1. SCQCD GROUP 57

The most recent topic in the unquenched simulations is the search for the
chiral logarithm in the lattice observables. Since the unquenched QCD is a
consistent theory, we expect to find the pion loop effect predicted by the chiral
perturbation theory, as far as the sea quark is light enough. We have not found,
however, the characteristic behavior known as the chiral logarithm in our lattice
data, which suggests that the sea quark mass may not be small enough. We
therefore need sensible method to obtain chiral limit of many physical quantities
[21, 17].

We have also started a calculation of the B meson decay constant and B
parameter on the unquenched lattice. Our preliminary results are presented in

[25].

1.4.2 Toward three-flavor QCD simulation

Although the number of light quark flavors which affect the dynamics of low
energy QCD is three (up, down and strange quarks) in the nature, most of the
unquenched simulations have been done with two-flavor of dynamical quarks.
The main reason is the lack of efficient algorithm to simulate odd number of dy-
namical flavors for the Wilson-type lattice fermions'. Therefore, we developed
an algorithm to treat odd number of dynamical quarks by modifying the usual
Hybrid Monte Carlo algorithm (Duane et al., 1987) with a polynomial approx-
imation of inverse square-root of the fermion matrix. Performing a test of the
algorithm on a lattice of realistic volume, we found that it works efficiently for
the sea quark mass around the physical strange quark mass [4].

Our first attempt of the three-flavor dynamical QCD simulation was done
with the O(a)-improved Wilson fermion and the standard (plaquette) gauge ac-
tion. Surprisingly, we found a first-order phase transition as the sea quark mass
decreases. It occurs even at zero temperature, and we suspect that the phase
transition is induced by a lattice artifact. In fact, if we use a RG (renormaliza-
tion group) improved gauge action (a la Twasaki) in a similar parameter region
we do not find it [24]. For this reason, the three-flavor QCD simulation with
the usual standard plaquette gauge action combined with the O(a)-improved
Wilson fermion is unrealistic.

Before starting large scale simulations in three-flavor QCD using the RG-
improved gauge action, we have to determine the O(a)-improvement parameter
csw nonperturbatively using the Shrodinger functional technique in order to
reduce the lattice spacing effect as much as possible. This work is currently in
its final stage.

1.5 Future directions

Since a set of simulations of two-flavor QCD has been completed, we are shifting
our main project to the three-flavor QCD. As soon as the nonperturbative cal-
culation of the O(a)-improvement parameter, which is itself a time-consuming
dynamical simulations, we are going to start an exploratory simulation of three-
flavor QCD. Its first physics target will be the light hadron spectroscopy. In

IThe R algorithm (Gottlieb et al., 1987) may be used for any number of flavors, and
actually used for simulations with the staggered fermions. It contains, however, a source of
systematic error at finite molecular dynamics step size.
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particular, the effect of third flavor on the K—K* meson mass splitting is inter-
esting.

The data set of gauge configurations generated with two flavors of dynamical
quarks may open a wide range of applications to the hadron matrix elements.
The B meson decay constant and B parameter have already been calculated,
and a calculation of the Grinstein ratio of the heavy-light decay constant is
underway. In addition, we are planning to calculate the K;3 decay form factors,
B — Dy form factors at zero recoil, B — n(p)lv form factors, and the
proton decay matrix elements, on our unquenched gauge configurations. The
kaon B parameter 1s also an important quantity, for which the unquenched
calculation 1s to be done, but its calculation with the Wilson-type fermion is
rather hard. Therefore, we are going to investigate a possibility to use other
fermion formulations for valence quarks.

We also consider to make our unquenched gauge configurations available for
other groups in the KEK Supercomputer project. The global network HEPnet-
J/sc is being constructed to enhance data sharing among major laboratories of
particle and nuclear physics laboratories in Japan. We believe that the study
of lattice QCD in Japan is significantly accelerated by sharing unquenched con-
figurations in the near future.
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2.1 Present staff member

Suzuki, Tsuneo, Kanazawa University, Professor
Koma, Yoshiaki, Max Planck Institute, PD
Ichie, Hiroko, Kanazawa University, PD
Kitahara, Shun-ichi, Jumonj: Junior College, Lecturer
Yazawa, Tateaki, Kinjo Junior College, Lecturer
Vitaly Bornyakov, IHEP & Kanazawa University
Maxim Chernodub, ITEP & Kanazawa University

DESY-ITEP-KANAZAWA collaboration in full QCD study

DESY group (G.Schierholz, T.Streuer(PD),H.Stueben)
ITEP group (M.Polikarpov, S.Veselov, F.Gubarev)
KANAZAWA group

2.2 Research Overview

The purpose of this study is to clarify what is the confinement mechanism in
QCD (quench and full), making use of large-scale Monte Carlo simulations. Our
standpoint is based on ’tHooft’s idea of monopole condensation after abelian
projection of QCD. Block-spin transformation of monopoles on the dual lattice
and an inverse Monte Carlo method are our unique way of deriving an infrared
effective abelian action in the continuum limit.

2.3 Results in pure QCD study 1990-2000 —
mainly using vector machine such as VPP500

From the last 12 years’ studies, we have found important evidence for "tHooft
conjecture. That is, color confinement is due to monopole condensation.

2.3.1 Discovery of abelian dominance

Performing abelian projection in the maximally abelian gauge (MA), we found
the ablian degree of freedom can reproduce the essential features of confinement

in QCD. (Ref: Suzuki and Yotsuyanagi, 1990; Hioki et al., 1991)

2.3.2 Discovery of monopole dominance

In MA gauge, we can extract monopole currents from abelian link variables. Tt
is found that the monopole degree of freedom among abelian variables alone is
responsible for the confinement problem. (Ref: Shiba and Suzuki, 1994; Ejiri et
al., 1997)

2.3.3 Derivation of an effective monopole action

Extending the Swendsen inverse Monte Carlo method, we successfully derived
an effective monopole action. (Ref: Shiba and Suzuki, 1995)
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2.3.4 Block-spin transformation and the quantum perfect
monopole action SU(2) and SU(3)

Performing a block spin transformation of monopole currents, we studied a
renormalization flow. Finally we found a quantum perfect monopole action
showing the scaling in the continuum limit. Energy-entropy balance showed the
occurence of monopole condensation at least in pure QCD similarly as found
in compact QED. The monopole action can be transformed into that of lat-
tice string model. A quantum perfect operator for the static potential was
also developed with which the rotational invariant static potential was obtained
theoretically using the derived string model [9, 11].

2.3.5 Detailed study of the dual Meissner effect in the
meson case

The detailed analyses of the flux distribution around static quark-antiquark pair
was made numerically [36]

2.3.6 T #0 QCD and monopole

Monopoles are shown to play important role also in the confinement-deconfinement
phase transition. Even in the high teperature phase, there remains a non-
perturbative effect. It can be understood in terms of a Coulomb gas of static
monopoles and they tend to tHooft-Polyakov instantons in the high tempera-
ture limit [4]. (Ref: Kitahara, Matsubara and Suzuki, 1995)

2.4 Results in full QCD study: 2001~ — mainly
using parallel maschine SR8000

We are making simulations of full QCD using N; = 2 non-perturbatively O(a)
improved clover fermion on 163 x 8 and 243 x 8. We are also using T = 0
configurations on 163 x 32 and 243 x 48 taken QCDSF group at DESY Zeuthen
and 163 x 8 data taken by ITEP group. The purpose of this particular study
1s to understand the mechanism of phase transition and the relation between
chiral breaking and confinement in terms of abelian and monopole degrees of
freedom.

2.4.1 Observation of abelian and monopole dominance

Abelian and monopole dominances are seen also in full QCD. But the density
of monopoles is twice larger than that in the quenched QCD. This is due to the
effect from dynamical charged quarks [43].

2.4.2 Screening and confinement. flattening of the static
potential

Screening, the flattening of the static potential was observed from the Polyakov
loop correlators. How the screening is understood in the framework of effective
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abelian theories was clarified. Why the screening is observed more easily in the
Polyakov-loop correlators than in the Wilson loop was also shown [2, 1].

2.4.3 The dual Meissner effect in the meson and the baryon
cases

The dual Meissner effect is observed clearly also in the meson case and in the
baryon case [19].

2.5 On-going project using SR8000

We are studying the following subjects using Ny = 2 non-perturbatively O(a)
improved clover fermion on 16% x 8 and 243 x 8 and 243 x 10 lattices.

1. To fix the critical 7, in the chiral and the continuum limit combining the

data of 163 x (6, 8) and 243 x (8,10).

2. To determine an effective action including the effects from a dynamical
charge like quarks.

To understand the mechanism of the phase transition in terms of monopoles.
To understand the gauge problem of monopole dynamics.

To measure directly the entropy and the energy of monopole loops.

S Ot e W

The detailed study of the flux-tube profile in the baryon case and the
vacuum state.

2.6 Computers used

We are using VPP700 maschine at RIKEN and SX5 at RCNP for the purpose
of analyses and measurements in full QCD and in pure QCD. We use KEK
SR8000 only for generation of configurations. Since April 2002, we use

1. SR8000F1 at KEK
1200h (8 node), 450h (16 node), 300h (32 node) for generating configura-
tion (lattice size:243 x 8).

2. SX-5 at Research Center for Nuclear Physics (RCNP), Osaka U.
3000h (1 node) for analysis and gauge fixing.

3. VPP700 at RIKEN
1500h(1node) for quenched QCD study.

2.7 Comment on the Supercomputer project at
KEK

The most important i1s to update the maschine into 10FP one. This is urgent to
perform a full QCD simulations on larger lattice. We are happy if the capacity
of hard disk will be increased.
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3.1 QCD-TARO Collaboration (SC-TARO)

Ph. de Forcrand®, M. Garcia Pérez”, T. Hashimoto®, S. Hiokid, Y. Liuf,
H. Matsufuru®, O. Miyamurafz A. Nakamura®, [.-O. Stamatescu™,
T. Takaishi), and T. Umedal

*ETH-Zurich, CH-8092 Zurich, Switzerland
PDept. Fisica Tedrica, Universidad Auténoma de Madrid,
E-28049 Madrid, Spain
“Dept. of Appl. Phys., Fac. of Engineering, Fukui Univ.,
Fukui 910-8507, Japan
dDept. of Physics, Tezukayama Univ.,Nara 631-8501, Japan
“Research Center for Nuclear Physics, Osaka Univ., Ibaraki 567-0047, Japan
"Dept. of Physics, Hiroshima Univ., Higashi-Hiroshima 739-8526, Japan
8RIISE, Hiroshima Univ., Higashi-Hiroshima 739-8521, Japan
Mnstitut fiir Theoretische Physik, Univ. Heidelberg,
D-69120 Heidelberg, Germany
'FEST, Schmeilweg 5, D-69118 Heidelberg, Germany

JHiroshima University of Economics, Hiroshima 731-01, Japan

QCD-TARO! is an international collaboration, i.e., Japan, Germany and
Switzerland, whose physical interest is to study the hadronic world at finite
density and density by the lattice QCD. For this purpose, we are also interested
in improving our tools in numerical simulations and study the anisotropic lattice
and the renormalization improved gauge actions. In this report, we describe
three works by QCD-TARO, i.e., (i) the Monte Carlo renormalization group
analysis to find an approximate renomaled trajectory, (ii) pole and screening
hadron masses at finite temperature, and (iii) the responce of hadrons to the
chemical potential.

3.2 Renormalization Group analysis and DBW2
action

We studied renormalization effects by means of a blocking transformation which
changes the lattice cut-off but leaves the long range contents of the system
invariant. New blocked actions S’ as a function of blocked link variables V’s are
constructed from the original S(U) as

e=5' (V) = /e—5<U>5(v — P(U))DU, (3.1)

where P defines the blocking transformation. The action S’ includes the renor-
malization effect induced by blocking. In the space of coupling constants, the
blocking transformation makes a transition from a point corresponding to S to
a new one of S’. Repeating the blocking transformation we obtain trajectories
in coupling space which define the so called renormalization group flow.

There is a special trajectory, i.e. renormalized trajectory (RT), which starts
at the ultra-violet fixed point. On the RT, the long range information corre-

1QCD on Thousand-cell ARray processor. The group started its activity to use AP1000
by Fujitsu, which has 1000 array processors called cell.
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sponding to continuum physics is preserved. Therefore if we find a RT corre-
sponding to a blocking transformation, it provides an action which gives accu-
rate results in the continuum limit. Even if it is an approximate one, it may
serve as a well-improved action.
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Figure 3.1: Renormalization group flow for QCD in two coupling space. The
line to which these arrows converge is the renormalized trajectory.

In this work, we made a numerical analysis of the RG flow in two coupling
space, (511, f12), corresponding to 1 x 1 and 1 x 2 loops respectively, of SU(3)
lattice gauge theory and clarify the structure of the renormalization group flow.
The resulting renormalization group flow runs quickly towards an attractive
stream which has an approximate line shape.

3.3 Pole and screening masses of hadrons at fi-
nite temperature

When we increase the temperature, hadronic correlators are expected to change
their nature drastically. At the critical temperature, the deconfinement of color
degrees of freedom and the restoration of the chiral symmetry are expected to
occur simultaneously.

We analyze temporal and spatial meson correlators in quenched lattice QCD
at I > 0 using the anisotropic lattices.

In this analysis the changes of the meson properties with temperature ap-
pear to be small below T.. Above T, we observed apparently opposing features:
On the one hand, the behavior of the ¢-propagators, in particular the change
in the ordering of the mass splittings could be accounted for by contributions
from free quark propagation in the mesonic channels, which would also explain

the variation of m((i;)f (t) both with ¢ and with the source. On the other hand,
the behavior of the wave functions obtained from the 4-point correlators sug-
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Figure 3.2: Temperature dependence of masses (in a7 1) in the chiral limit (bot-
tom). Full (open) symbols correspond to spatial (temporal) masses. The grey
vertical line roughly represents 7.

gests that there can be low energy excitations in the mesonic channels above
T. appearing as metastable bound states which replace the low temperature
mesons.

3.4 Chemical potential responce of hadrons

It is well known that studying finite density QCD through lattice simulations
is a very hard problem. The fermionic determinant at finite chemical poten-
tial is complex, and gives an oscillating behavior in quantum averages which
makes simulations very inefficient. Since the naive quenched approximation at
finite chemical potential leads to an essentially different world, the use of dy-
namical fermions would be essential to extract the relevant physics. In spite of
these difficulties, the study of hadrons in a finite baryonic environment is quite
important in view of recent experimental developments and of the theoretical
interest in the phase structure of QCD.

We constructed a framework to compute the responses of hadron masses to
the chemical potential in lattice QCD simulations at g = 0. There is in fact
much interesting physical information which can be extracted from the behavior
of a system at small chemical potential. Our strategy is to expand the hadronic
quantities, such as masses and the quark condensation, in the vicinity of zero
chemical potential at finite temperature, and explore their changes through
the response to the chemical potential at g = 0. This allows to perform the
numerical simulations with standard methods.

As afirst trial, the screening mass of the pseudoscalar meson and its first and
second responses are evaluated. We present results on a 16 x 8% x 4 lattice with
two flavors of staggered quarks below and above 7. The responses to both the
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Figure 3.3: Second responses dzM/dﬂ% and dzM/dﬂ%, of the PS meson mass
at ma = 0.025.

isoscalar and isovector chemical potentials are obtained. They show different
behavior in the low and the high temperature phases, which may be explained
as a consequence of chiral symmetry breaking and restoration, respectively.

3.5 Use of machines at other institutions

We have used also SX5 at RCNP, and RS8000 at Hiroshima University computer
center. Approximate CPU time spent on KEK, RCNP and Hiroshima university
1s 6:3:1.

3.6 Comment on the KEK Supercomputer project

Computational resources provided by KEK is essential for our group. We hope
that KEK will continue the system, i.e., to introduce the best performance ma-
chine and to provide big computational resources to computational high energy
physics groups.
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4.1 scmelqced group

The group leader is S. Sasaki (Univ. of Tokyo). Other members are

T. Hatsuda, K. Sasaki (Univ. of Tokyo),
M. Asakawa (Kyoto Univ.)

4.2 Research progress

We are aiming to explore hadron spectroscopy, which includes the excited states
as well as the ground states, in lattice QCD Monte Carlo simulations. The
spectral functions (SPFs) of the two-point correlation function is expected to
expose rich physical information for excited states. Nevertheless, the reconstruc-
tion of SPF, A(w) from given Monte Carlo data of the Euclidian time correlator:
G(t) = [dwA(w)exp(—wt) is a typical ill-posed problem. The maximum en-
tropy method (MEM) is a useful method to circumvent such ill-posed problem
by making a statistical inference of the most probable image of A(w) based on
Bayesian statistics.

Recently the MEM analysis 1s widely employed on various problems in lat-
tice simulations after the first success in our research area. (Y. Nakahara, M.
Asakawa and T. Hatsuda, Phys. Rev. D60 (1999) 091503; M. Asakawa, T.
Hatsuda and Y. Nakahara, Prog. Part. Nucl. Phys. 46 (2001) 459.) As for the
light hadron spectroscopy, the CP-PACS collaboration analyzed their own high-
precision quenched lattice QCD data using the MEM. They show the reliability
of the MEM through checking consistency between the standard analysis and
the MEM analysis after the continuum extrapolation. (CP-PACS Collabora-
tion, Phys. Rev. D65 (2002) 014501.) However above applications were carried
out only for mesonic hadrons. In this project, we apply the MEM analysis to
lattice QCD data for both spin-1/2 and spin-3/2 baryons in order to study
the excited state spectrum of baryons.

We are interested in a long standing puzzle regarding the excited state spec-
trum of the nucleon, namely, the level order of the positive-parity excited nu-
cleon N'(1440) and the negative-parity nucleon N*(1535). The pattern of the
level order between positive and negative-parity excited states can be found
universally in the A, % and flavor-octet A channels. Recent quenched lattice
QCD studies show that the wrong ordering between N’ and N* actually hap-
pens in the relatively heavy-quark mass region. (S. Sasaki, T. Blum and S.
Ohta, Phys. Rev. D65 (2002) 074503.) Thus, we address a serious question
whether or not the level switching between N’ and N* would occur in the light-
quark mass region. Finding of this possibility might be directly connected to
the understanding of the mysterious Roper resonance N'(1440).

We remark that the simulation for the light-quark mass requires large lattice
size since the “wave function” of the bound state enlarges as the quark mass
decreases. Once the “wave function” is squeezed due to the small volume, the
kinetic energy of internal quarks raises and thus the total energy of the bound
state should be pushed up. This is an intuitive picture for the finite size effect
on the mass spectrum. Such effect is expected to become serious for the (radial)
excited state rather than the ground state. Indeed, the above paper reported
that the N’ mass in the light-quark region is significantly heavier than the mass
extrapolated from the heavy quark region.
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To study the finite size effect, numerical simulations are performed on two
lattice sizes 163 x 32 and 243 x 32. We generate quenched QCD configurations
with the standard single-plaquette action at 3 = 6.0 (a=! ~ 1.9GeV). The
quark propagators are computed using the Wilson fermion action at four values
of the hopping parameter «, which cover the range M, /M, ~ 0.69 — 0.92. Our
preliminary results are analyzed on 352 configurations for the smaller lattice
(L &~ 1.5fm) and 300 configurations for the larger lattice (L a2 2.2fm).

We apply the maximum entropy method to lattice QCD data for both spin-
1/2 and spin-3/2 baryons to study the positive-parity excited state spectrum.
We succeed in extracting SPFs for baryons as well as mesons. Based on the
systematic analysis utilizing two lattice sizes, we confirmed the large finite size
effect on the first excited nucleon state in the light quark mass region originally
pointed out in Sasaki ef al.. Our results may be compared with the previously
published results for the N* at the same lattice spacing (QCDSF-UKQCD-
LHPC Collaboration, Phys. Lett. B532 (2002) 63). We find that the level
spacing between N* and N’ reduces significantly in the chiral limit. However
the level switching between them might not happen in lattice simulations with
L £ 2.2fm.

We are now doing the additive simulations on the further large lattice size
(L ~ 3.0fm) and also at different lattice spacing. The former simulation is for
finding the possibility of the level switching between N* and N’ in the infinite
volume limit. The latter is to confirm the existence of unphysical bound states
of a physical quark and two doublers, which have been found in the mesonic
case [3].
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5.1 scrabbit group

Group leader:
Hideo Suganuma Faculty of Science, Tokyo Institute of Technology

We have used the KEK-supercomputer, HITACHI-SR8000, for the lattice
QCD Monte Carlo simulation as a numerical simulation project at KEK from
April 2000. We briefly report our activities with the supercomputer in this
period of the two and a half years.

5.2 Heavy Quark Action on Anisotropic Lat-
tices

We propose to use anisotropic lattices for precise computation of heavy-light
matrix elements. For this purpose, a systematic improvement program must
be applied in the heavy quark region. We numerically examined the relativity
relation of heavy-light mesons and found that the quark mass dependence of
the anisotropy parameter is sufficiently small up to mga, ~ 0.3. This result
suggests that improvement at the massless limit, such as the nonperturbative
improvement program, suffices for a heavy quark whose mass is sufficiently less
than the temporal lattice cutoff a..

5.3 Study of O(a) Improved Wilson Quark Ac-
tion on Anisotropic Lattice

We developed O(a) improved quark action on anisotropic lattice, which is partic-
ularly useful for example for precise computation of heavy-light matrix elements
and studies of hadronic correlators at finite temperature. This paper numer-
ically tunes the parameter in the action on quenched lattices and applies the
action to light hadron spectroscopy for verifying that the systematic uncertain-
ties are kept under control.

5.4 Three Quark Potential in SU(3) Lattice QCD

The static three-quark (3Q) potential is studied in detail using SU(3) lattice
QCD with 123 x 24 at 8 = 5.7 and 163 x 32 at 8 = 5.8, 6.0 at the quenched
level. For more than 300 different patterns of the 3Q systems, we perform
the accurate measurement of the 3Q Wilson loop with the smearing method,
which reduces excited-state contaminations, and present the lattice QCD data
of the 3Q ground-state potential Vag. We perform the detailed fit analysis on
Vsq in terms of the Y-ansatz both with the continuum Coulomb potential and
with the lattice Coulomb potential, and find that the lattice QCD data of the
3Q potential Vzq are well reproduced within a few deviation by the sum of a
constant, the two-body Coulomb term and the three-body linear confinement
term 03QLmin, With Lmin the minimal value of the total length of color flux
tubes linking the three quarks. From the comparison with the Q-Q potential,
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we find a universality of the string tension as ¢3q ~ ogq and the one-gluon-
exchange result for the Coulomb coefficients as Azq ~ %AQQ We investigate
also the several fit analyses with the various ansatze: the Y-ansatz with the
Yukawa potential, the A-ansatz and a more general ansatz including the Y
and the A ansatze in some limits. All these fit analyses support the Y-ansatz
on the confinement part in the 3Q potential Vzq, although Vzq seems to be
approximated by the A-ansatz with oa ~ 0.530.

5.5 The Flavor-Singlet Negative-Parity Baryon
and A(1405)

Using lattice QCD, we study mass spectra of positive-parity and negative-
parity baryons in the octet, the decuplet and the singlet representations of
the SU(3) flavor. In particular, we consider the lightest negative-parity baryon,
the A(1405), which can be an exotic hadron as the N K molecular state or the
flavor-singlet three-quark state. We investigate the negative-parity flavor-singlet
three-quark state in lattice QCD using the quenched approximation, where the
dynamical quark-anitiquark pair creation is absent and no mixing occurs be-
tween the three-quark and the five-quark states. Our lattice QCD analysis
suggests that the flavor-singlet three-quark state Is so heavy that the A(1405)
cannot be identified as the three-quark state, which supports the possibility of
the molecular-state picture of the A( 1405).

5.6 Glueball Properties at Finite Temperature
in SU(3) Anisotropic Lattice QCD

The thermal properties of the glueballs are studied using SU(3) anisotropic
lattice QCD with $=6.25, the renormalized anisotropy & = as/a;=4 over the
lattice of the size 203 x N, with N, = 24, 26, 28, 30, 33, 34, 35, 36, 37, 38,
40, 43, 45, 50, 72 at the quenched level. To construct a suitable operator on
the lattice, we adopt the smearing method, and consider its physical meaning
in terms of the operator size. First, we construct the temporal correlators G(2)
for the 0T+ and 2%+ glueballs, using more than 5,500 gauge configurations at
each temperature. We then measure the pole-mass of the thermal glueballs
from G(t). For the lowest 0% glueball, we observe a significant pole-mass
reduction of about 300 MeV near T or mg(T ~ T;) ~ 0.8mg(T ~ 0), while
its size remains almost unchanged as p(7") ~ 0.4fm. Finally, for completeness,
as an attempt to take into account the effect of thermal width T'(T') at finite
temperature, we perform a more general new analysis of G(t) based on its
spectral representation. By adopting the Breit-Wigner form for the spectral
function p(w), we perform the best-fit analysis as a straightforward extension to
the standard pole-mass analysis. The result indicates a significant broadening
of the peak as T'(7T") ~ 300 MeV as well as rather modest reduction of the peak
center of about 100 MeV near T, for the lowest 0T+ glueball. The temporal
correlators of the color-singlet modes corresponding to these glueballs above T,
are also investigated.
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6.2 Introduction

Field theory is considered the most reliable framework in the present particle
physics. Observations in experiments in the High Energy physics are compared
with the theoretical predictions in models build in this framework. These pre-
dictions are obtained with perturbative or non-perturbative calculations. Per-
turbative method 1s widely applied to the theories where coupling constants are
small enough, such as Quantum Electro-magnetic theory (QED), Electro-Weak
theory and Quantum Chromo-dynamics (QCD) with large momentum transfer.
These perturbative method of calculation is established with rigorous procedure
of the calculation with Feynman diagrams.

On the other hand progress of accelerator science and experimental High
Energy physics requires more and more theoretical calculations. Higher energy
avaialbes in the experiments requires the predictions of more physical processes
with more final states. The more accurate results of experiments requires the
more accurate calculations with higher order calculations in the perturbation.
When the final states increases, the contribution of the number of process should
be increased in which the more Feynman diagrams appear. The amount of
calculations necessary for the theoretical prediction of these processes exceeds
one which can be performed by theoreticians by hand. It should be a structural
improvement of the procedure of getting the theoretical predictions.

One possible way of the improvement is to utilization of computers. Since a
large part of the perturbative calculation is defined as mechanical methods; it
is possible to construct a computer software to reduce the human labor.

Such software systems was first developed for QED by our group[38]. It is
extended to Standard and supersymmetric models and perturbative QCD in
tree calculation and for loop corrections by several authors[4, 39], [40], [41],
[42] and [43]. These systems are now indispensable for the large perturbative
calculations required for the analysis of the experimental data.

6.3 GRACE system

We have developing GRACE[39] system for this purpose. The input to the sys-
tem is Feynman rules and the specification of a process to be calculated. It
first generates necessary and sufficient set of Feynman graphs[44], which can
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be drawn on a graphic device. From the generated Feynman graphs, GRACE
produces programming code of Feynman amplitudes. For a tree process, a set
of FORTRAN codes of numerical calculation of differential cross section and inter-
faces to BASES/SPRING[45]. BASES is a numerical integration package used to
integrate the differential cross section phase space. SPRING generates simulated
events based on the result of BASES. Since the cross section is calculated by a
spinor technique through CHANEL[46] library, it is possible to calculate polar-
ized processes. For a one-loop process, GRACE generates REDUCE or FORM code
which produce FORTRAN code after completing dimensional regularization. Loop
integration and counter terms are prepared as in a library.

Although an automatic calculating system produces numerical results for
a given process, which may include over several thousand Feynman graphs,
how can we rely on the validity of the results? There may be a bug in the
system which does not appear when the processes are of small sizes. Even if the
calculation method and the generated codes are logically correct, it is possible
that the numerical calculation is not stable because of the errors included in the
computer arithmetics. So the most important feature of an automatic system
i1s which systematic checking methods of the results are provided by the the
system itself.

6.4 Electro-weak theory

6.4.1 Tree processes

For tree processes of elector-weak theory, GRACE produces FORTRAN code which
calculates the helicity amplitudes using CHANEL library which keeps all particle
masses. As CHANEL leaves covariant gauge parameters free, we can confirm
explicitly the gauge invariance of the cross section by changing the values of
gauge parameters.

With commands “gre[44])” (graph generation) and “grcfort” (FORTRAN code
generation), this system generates all necessary subroutines, Makefiles and
interfaces to numerical integration and event generation package BASES/SPRING.
It is sufficient for a user just to type “make” and “integ” to obtain the total
cross section.

With this system, we have constructed sets of event generators grc4f[57]
and GRCvy [3]. The former includes 76 processes of the processes of ete™ — 4
fermions. The latter includes ete™ — vy and ete™ — vyy with anomalous
coupling of W3 and W* vertices. Both of them include all possible Feynman
graphs keeping particle masses. Initial and final state radiations are produced
by QEDPS[2, 5, 6, 60, 61] parton shower package.

6.4.2 One-loop processes

In contrast to the tree cases, GRACE system calculates squares of amplitudes in
the case of one-loop, corresponding to the expression

TlOOP x (Z TtTree)' (61)
tree

Since this expression contains n-dimensional calculation in 7j,,, for the reg-
ularization of ultra-violet divergences, GRACE system generates Reduce[47] or



CHAPTER 6. SCMINAMI GROUP 100

Form[48] codes, which process integration over loop momenta and then pro-
duces FORTRAN code including Feynman parameters. Integration over Feynman
parameters are calculated by a numerical integration package[64, 65] developed
separately. This library can be replaced by FF[49] package for the comparison
of the results. Counter terms and two-point functions are also prepared in the
library.

The results of the calculations are tested in terms of (1) cancellation of
ultra-violet divergences, (2) cancellation of infrared divergences and (3) gauge
invariance.

The resultant code keeps a parameter expressing the ultra-violet divergences

1
Coyv = ! + In(4n).

By varying the value of this parameter, we can confirm the cancellation of ultra-
violet divergences.

The system introduces fictitious photon mass in order to regularize the in-
frared divergences. They should be cancel out when soft photon contributions
are added to the one loop-corrections. It can be confirmed explicitly by changing
the value of the fictitious photon mass.

As in the tree processes, we can confirm the gauge invariance of the results
by varying gauge parameters. In contrast with tree processes, covariant gauge
introduces a difficulty in the loop integration since the propagators of gauge
bosons have a term of higher powers of momenta. However, in non-linear gauge
fixing procedure[50] we can take free gauge parameters keeping the same form
of the denominators of the propagators. Thus we can check gauge invariance
directly without changing loop integration package.

The gauge fixing term is taken as:

1 -

Lap = ~ ‘(3u —iedA, —igcoslw BZ,)WTH
w

N 2

+€W%(U +dH —I—i/%XS)X-I"

1 g - :
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In fixing parameters éw = £z = &4 = 1, we can keep the same structure of the
propagators of the gauge bosons as in 'tHooft-Feynman gauge. We can check
the independence of the results in terms of other gauge parameters a, B, S, R
and €.

Table 1 shows the calculated loop processes confirmed with this checking

procedure[26]

6.5 MSSM

6.5.1 Tree processes

Tree processes in the minimum super symmetric model (MSSM) are automat-
ically calculated as same as in the case of the standard model. GRACE system
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Process Feynman graphs

Tree 1 Loop
WIWw- — WHiw- 7 925
Wrw+ — wtwt 7 925
Wtw- — HH 6 827
70— 47 3 657
27 — WTW- 6 840
ZZ — HH 6 830
vy — WTW- 5 619
Wty — tb 4 239
Wtz —tb 4 284
WHH — tb 4 285
HH —HH 4 805
etem — WHW- 4 334

Table 6.1: One loop processes in Standard model calculated with GRACE

Model particles | vertices
Standard model 24 139
MSSM 55 3553

Table 6.2: the number of particles and vertices in the standard model and MSSM

generate helicity amplitude in the form of FORTRAN code. All particle masses is
included and gauge parameters are handled as free parameters which enables to
check gauge invariance of the result numerically.

In MSSM there appear Majorana particles and vertices in which Fermion
number is not conserved. In order to handle these particles and vertices, CHANEL
library is extended[63] so as to include additional factor of the charge conjuga-
tion operator.

Another differences of these two models are that more particles and vertices
appear in MSSM. We show the numbers of particles and vertices in two models
in Table 2.

Since there are more than three thousand vertices, a systematic method is
needed to check the coupling constants of each vertices. We have checked the
gauge invariance explicitly of all 582,102 processes with 6 external particles,
which total number of graphs is 264,027,310. Each cross section includes many
terms which magnitudes of contributions to the result will alter in different
energy regions and in different phase space points. In stead of checking with
extensive parameter scan, we have required high precision agreement for differ-
ent value of gauge parameters at one phase space point. We have confirmed
that the all differential cross section agree more than 30 digits in quadruple
precision. This shows that they are consistent to gauge invariance up to terms
of small contribution, which may become large in different energy region or in
other phase space points.



CHAPTER 6. SCMINAMI GROUP 102

Process Tree | 1-loop

HT — b 1 74
emet — WoWT 5| 1,871

Table 6.3: One-loop processes of MSSM calculated with GRACE .

6.5.2 One-loop processes

We calculated one-loop processes in MSSM shown in table 3. We have applied
the same checking procedures for the cancellation of ultraviolet and infrared
divergences. However, the gauge invariance of the result not checked in this
case. It is necessary to introduce non-linear gauge as in the case of the standard
model.

6.6 Hadronic processes

For hadronic processes, interfaces are prepared for the parton distribution func-
tion and decay functions (PYTHIA).

An event generator grape[51] is constructed for the process e™ P — e~ lIN
with GRACE system. This generator afford calculations for all energy scales
combining elastic, intermediate and deep inelastic region.

Another event generator called groppal52] is been preparing for the process
PP — bbbb, which includes all subprocess (initial ¢7 and gg). This generator
includes all calculation of O(QCD?), O(QCD? x ELWK?) and O(ELWK®*).

6.7 Tools and acceleration

For a large scale calculations of Feynman amplitudes, we have prepared several
tools.

Graph drawing package gracefig provide an utility to give a high quality
drawn graphs. Graph selection tool grcsel[21] enables to select graphs with
combining section conditions. One can also pickup a set of graphs between 1-
loop and real photon processes which cancel IR divergence among them. Job
submitting tools are prepared for executing large scale jobs with systematic
checking tools of the validity of the calculation. For accelerating the calculations,
we have also tools to make code efficient on vector or parallel computers[62, 53]

6.8 Numerical integration

GRACE has used a multi-dimensional integration package BASES as mentioned
in Sect. 2, to calculate the cross section. BASES relies on a stratified and
importance ampling method, which can even integrate a singular function unless
the singuralities locate around a diagonal line in the integral volume. For such
a diagonal singularity, we have to find an appropriate variable transformation
to have efficient sample points around the singular region. In the calculation of
the real physics process, as the number of the final state particles increases or
the order of the perturbation increase, the singular behavior of the integrand
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becomes too complex to fund a good set of integration variables for the phase
space integral. At the same time, we may face a practical problem that the
CPU time required becomes longer due to a huge number of sample points to
make the integration converge.

Therefore, in order to proceed the automatization of the calculation further,
it 1s indispensable to develop the multi-dimensional numerical integration with
a new algorism to handle the various singuralities of integrand. As a solution for
this request, DICE has been developed. The first version of DICE was reported
in 1992[54] and successively in 1998 the vectorised version was reported[55].
Recently the parallel computing version with MPI library exists now. DICE
has worked well for several example integrations which have a singurality of
"diagonal’; and results show good agreement to the analytical values.

DICE should be applied to more concrete problem of the physics and simul-
taneously, other algorithms are also studied more.

6.9 International collaboration

Since it has been world-widely recognized that the study on the automatic calcu-
lations and its application to the collider experiments are rather important and
desired, the collaboration among Japan, France and Russia has been proceeded.
The colleague from Moscow University have developed the automatic calcula-
tion system CompHEP[40] for the tree leve. GRACE evaluates the helicity amplitude
numerically. On the other hand, their system calculates the amplitude squared
with the symbolic system. Therefore, complete independent checks are possible
between two systems[66]. Phenomenological studies such as QCD[20], SUSY[27]
and non-linear gauge fixing model[50, 26] have been collaborated with LAPTH
group in France. Two workshop, CPP1998[41-45] and CPP2001[25-29], were
held in Japan based on the above triangle collaboration.

A lot of program packages for event generators were written by the GRACE
system and those have been used by experimentalists. In order to make precision
check of these packages, the collaboration with Cracow INP in Poland has also
been proceeded[13]. As one of the results of this collaboration, their event
generator programs KoralW[56] for W-pair physics equips with the full set of
amplitudes of the 4-fermion final states in ete™ collision generated by GRACE
system.



Journal papers

(1]

Y. Kurihara, M. Kuroda and D. Schildknecht, “On e+ e~ —» W4+ W-
— 4f (+ gamma) at LEP2,” Phys. Lett. B 509, 87 (2001) [arXiv:hep-
ph/0104201].

Number of citations: 2

Y. Kurihara, J. Fujimoto, T. Ishikawa, Y. Shimizu, K. Kato, K. Tobimatsu
and T. Munehisa, “QED radiative correction for the single-W production
using a parton shower method,” Eur. Phys. J. C 20, 253 (2001) [arXiv:hep-
ph/0011276].

Number of citations: 5

Y. Kurihara, J. Fujimoto, T. Ishikawa, Y. Shimizu and T. Munehisa, “gr-
cnunugamma: Event generator for the single- and double-photon emission
associated with neutrino pair-production,” Comput. Phys. Commun. 136,
250 (2001) [arXiv:hep-ph/9908422].

Number of citations: 4

F. Yuasa et al., “Automatic computation of cross sections in HEP: Status
of GRACE system,” Prog. Theor. Phys. Suppl. 138, 18 (2000) [arXiv:hep-
ph/0007053].

Number of citations: 12

Y. Kurihara, J. Fujimoto, Y. Shimizu, K. Kato, K. Tobimatsu and
T. Munehisa, “QED radiative corrections to the non-annihilation pro-
cesses using the structure function and the parton shower,” Prog. Theor.
Phys. 103, 1199 (2000) [arXiv:hep-ph/9912520].

Number of citations: 10

T. Munehisa, J. Fujimoto, Y. Kurihara and Y. Shimizu, “A QED shower
including the next-to-leading logarithm correction in e+ e- annihilation,”
Prog. Theor. Phys. 103, 587 (2000) [arXiv:hep-ph/9912392].

Number of citations: 1

Y. Kurihara, M. Kuroda and D. Schildknecht, “High-energy cross section
for e+ e« - W+ W- — 4 fermions (+ gamma),” Nucl. Phys. B 565, 49
(2000) [arXiv:hep-ph/9908486].

Number of citations: 17

G. Belanger, F. Boudjema, Y. Kurihara, D. Perret-Gallix and A. Semenov,
“Bosonic quartic couplings at LEP2,” Eur. Phys. J. C 13, 283 (2000)
[arXiv:hep-ph/9908254].

Number of citations: 21

104



CHAPTER 6. SCMINAMI GROUP 105

[9]

V. Lafage, T. Ishikawa, T. Kaneko, T. Kon, Y. Kurihara and H. Tanaka,
“Spin and spin-spin correlations in chargino pair production at future
linear e+ e- colliders,” Int. J. Mod. Phys. A 14, 5075 (1999) [arXiv:hep-
ph/9810504].

Number of citations: 12

N. Toomi, J. Fujimoto, S. Kawabata, Y. Kurihara and T. Watanabe,
“Luminosity spectrum measurement in future e+ e- linear colliders using
large-angle Bhabha events,” Phys. Lett. B 429, 162 (1998).

Number of citations: 4

J. Fujimoto et al., “SUSY23 v2.0: An event generator for supersymmetric
processes at e+ e- colliders,” Comput. Phys. Commun. 111, 185 (1998)
[arXiv:hep-ph/9711283].

Number of citations: 7

T. Kon, T. Kobayashi, T. Matsushita and Y. Kurihara, “Production Pro-
cesses Of Third Generation Squarks In An R-Parity Breaking Model At
Hera And Lep-2,” presented at 5th International Conference on Super-
symmetries in Physics (SUSY 97), Philadelphia, Pennsylvania, 27-31 May
1997; Nucl. Phys. Proc. Suppl. 62, 216 (1998).

Number of citations: 1

T. Ishikawa, Y. Kurihara, M. Skrzypek and 7Z. Was, “Four-quark final
state in W-pair production: Case of signal and background,” Eur. Phys.
J. C 4,75 (1998) [arXiv:hep-ph/9702249].

Number of citations: 7

F. Yuasa, Y. Kurihara and S. Kawabata, “e+ e- — b anti-b u anti-d mu-
anti-nu/mu with a t anti-t production,” Phys. Lett. B 414, 178 (1997)
[arXiv:hep-ph/9706225].

Number of citations: 16



Conference presentations

[15]

[20]

T. Kaneko and Minami-Tateya Collaboration, ” Current status of GRACE
system”, Second CPP Symposium Computational Particle Physics (CPP
2001), Ed. Y. Kurihara, pp. 10, Tokyo, Nov. 2001.

Number of citations: 0

T. Kon and J. Kamoshita "NCQED GRACE”, Second CPP Symposium
Computational Particle Physics (CPP 2001), Ed. Y. Kurihara, pp. 88,
Tokyo, Nov. 2001.

Number of citations: 0

F. Yuasa, K. Tobimatsu and S. Kawabata, “Experiences on Multi-
dimensional Integration Package”, Second CPP Symposium Computa-
tional Particle Physics (CPP 2001), Ed. Y. Kurihara, pp. 120, Tokyo,
Nov. 2001.

Number of citations: 0

Y. Kurihara, “Matching between matrix elements and parton showers us-
ing a leading-log subtraction method in NLO-QCD,” presented at Work-
shop on Computer Particle Physics: (CPP 2001): Automatic Calcu-
lation for Future Colliders, Tokyo, Japan, 28-30 Nov 2001; arXiv:hep-
ph/0207214.

Number of citations: 0

J. Fleischer, J. Fujimoto, T. Ishikawa, A. Leike, T. Riemann, Y. Shimizu
and A. Werthenbach, “One-loop corrections to the process e+ e- — t anti-t
including hard bremsstrahlung,” Talk given at 5th RESCEU International
Symposium on New Trends in Theoretical and Observations Cosmology,
Tokyo, Japan, 13-16 Nov 2001; arXiv:hep-ph/0203220.

Number of citations: 3

W. Giele et al., “The QCD/SM working group: Summary report,” Re-
port of the Working group on Quantum Chromo Dynamics and the Stan-
dard Model for the Workshop ”Physics at TEV Colliders”, Les Houches,
France, May 2001; arXiv:hep-ph/0204316.

Number of citations: 6

F. Yuasa, T. Kaneko and T. Ishikawa, “A Feynman graph selection tool in
GRACE system,” arXiv:hep-ph/0103070. presented at 7th International
Workshop on Advanced Computing and Analysis Techniques in Physics
Research (ACAT 2000), Batavia, Illinois, 16-20 Oct 2000;

Number of citations: 0

106



CHAPTER 6. SCMINAMI GROUP 107

[22]

[24]

[25]

[26]

[27]

[28]

K. Sato, S. Tsuno, J. Fujimoto, T. Ishikawa, Y. Kurihara and S. Odaka,
“Integration of GRACE and PYTHIA,” presented at 7th International
Workshop on Advanced Computing and Analysis Techniques in Physics
Research (ACAT 2000), Batavia, Illinois, 16-20 Oct 2000; arXiv:hep-
ph/0104237.

Number of citations: 4

J. Fujimoto, T. Ishikawa, T. Kaneko,K. Kato, M. Kuroda, and
Y. Shimizu, “Radiative Corrections to e”e™ — W~WT in MSSM with
GRACE/SUSY/1ILOOP System,” presented at 15th International Work-
shop on High-Energy Physics and Quantum Field Theory (QFTHEP 00),
Tver, Russia, Sept. 2000;

Number of citations: 0

M. Kobel et al. [Two Fermion Working Group Collaboration], “Two-
fermion production in electron positron collisions,” 2-fermion working
group report of the LEP-2 Monte Carlo Workshop 1999/2000, Geneva,
1999/2000; arXiv:hep-ph/0007180.

Number of citations: 16

M. W. Grunewald et al., “Four-fermion production in electron positron
collisions,” LEP2 Monte Carlo Workshop : Report of the Working Groups
on Precision Calculations for LEP2 Physics, CERN, Geneva, Switzerland,
12 - 13 Mar, 25 - 26 Jun, 12 - 13 Oct 1999, CERN, Geneva, 20 Sep 2000;
arXiv:hep-ph/0005309.

Number of citations: 53

G. Belanger et al., “Implementation of the non-linear gauge into GRACE,”
Talk given at 6th International Workshop on New Computing Techniques
in Physics Research: Software Engineering, Artificial Intelligence Neu-
ral Nets, Genetic Algorithms, Symbolic Algebra, Automatic Calculation
(ATHENP 99), Heraklion, Crete, Greece, 12-16 Apr 1999; arXiv:hep-
ph/9907406.

Number of citations: 1

J. Fujimoto, T. Ishikawa, T. Kaneko, K. Kato, M. Kuroda, V. Lafage,
and Y. Shimizu, “Automatic calculation of one-loop radiative corrections
to SUSY processes with GRACE system,” presented at 6th International
Workshop on New Computing Techniques in Physics Research: Software
Engineering, Artificial Intelligence Neural Nets, Genetic Algorithms, Sym-
bolic Algebra, Automatic Calculation (ATHENP 99), Heraklion, Crete,
Greece, 12-16 Apr 1999.

Number of citations: 0

F. Yuasa, T. Ishikawa, S. Kawabata, D. Perret-Gallix, K. Itakura,
Y. Hotta and M. Okuda, “Hybrid parallel computation of integration in
GRACE,” presented at 6th International Workshop on New Computing
Techniques in Physics Research: Software Engineering, Artificial Intel-
ligence Neural Nets, Genetic Algorithms, Symbolic Algebra, Automatic
Calculation (ATHENP 99), Heraklion, Crete, Greece, 12-16 Apr 1999;
arXiv:hep-ph/0006268.



CHAPTER 6. SCMINAMI GROUP 108

[29]

[32]

K. Tobimatsu, K. Kato, T. Munehisa, Y. Kurihara, J. Fujimoto and
Y. Shimizu, “A study of the radiative corrections to Bhabha scattering
with QEDPS Monte Carlo,” Prepared for 14th International Workshop on
High-Energy Physics and Quantum Field Theory (QFTHEP 99), Moscow,
Russia, 27 May - 2 Jun 1999.

Number of citations: 0

V.A. llyin, GRACE group and CompHEP group, “General Structure of
an automatic HEP computation system,” presented at First Symposium
on Computational Particle Physics (CPP1998), Tokyo, November 1998.
Number of citations: 0

E. Boos et al., “Achievements in the standard model,” presented at
First Symposium on Computational Particle Physics (CPP1998), Tokyo,
November 1998.

Number of citations: 0

G. Belanger et al., “Achievements beyond the standard model,” presented
at First Symposium on Computational Particle Physics (CPP1998),
Tokyo, November 1998.
Number of citations: 0

J.-Ph. Guillet, K. Kato, T. Munehisa and H. Tanaka, “QCD NLL par-
ton shower,” presented at First Symposium on Computational Particle
Physics (CPP1998), Tokyo, November 1998.

Number of citations: 0

D. Perret-Gallix, V. A. Ilyin, T. Ishikawa, S. Kawabata, F. Yuasa
and K. Tobimatsu, “Computational particle physics: Experimental
needs,” presented at First Symposium on Computational Particle Physics
(CPP1998), Tokyo, November 1998.

Number of citations: 0

F. Yuasa, T. Ishikawa, S. Kawabata, D. Perret-Gallix, K. Itakura,
Y. Hotta and M. Okuda, “Parallelization of GRACE,” presented at Ninth
Parallel Computing Workshop (PCW’98 Japan), Kawasaki, Japan, Nov
25, 1998.

Number of citations: 0

Y. Kurihara, V. Lafage and T. Kon, “A Scalar-Charm Production And
Its Decay At Hera,” Prepared for Workshop on Monte Carlo Generators
for HERA Physics (Plenary Starting Meeting), Hamburg, Germany, 27-30
Apr 1998.

Number of citations: 0

T. Abe, J. Fujimoto, T. Ishikawa, Y. Kurihara, K. Kato and T. Watanabe,
“Grape-Dilepton, (Version 1.0): A Generator For Dilepton Production In
E P Collisions,” Prepared for Workshop on Monte Carlo Generators for
HERA Physics (Plenary Starting Meeting), Hamburg, Germany, 27-30
Apr 1998.

Number of citations: 0



Related papers

[38] T. Kaneko et al., Comput.Phys.Commun. 43(1987)27

[39] Minami-Tateya group, GRACE v1.0 KEK Report 92-19, 1993.
Minami-Tateya group, GRACE v1.1 unpublished, 1994.
Minami-Tateya group, GRACE v2.0 unpublished, 1995.
Minami-Tateya group, GRACE v2.2 in preparation, 1999.

[40] E.E.Boos et al., in vol.1 of New Computing Techniques in Physics Re-
search, edited by D.Perret-Gallix, W.Wojcik et al. (1990) Editions du
CNRS.

E.E.Boos et al., in vol.1 of New Computing Techniques in Physics Re-
search, edited by D.Perret-Gallix et al. (1992) World Scientific.
A.E.Puhkov, in vol.3 of New Computing Techniques in Physics Research,
edited by K.-H.Becks, D.Perret-Gallix et al. (1994), World Scientific.

[41] J. Kblbeck, M. Bohm and A. Denner, Comput. Phys. Commun. 60 (1990)
165,
T. Hahn, Comput. Phys. Commun. 140 (2001) 54.

42] T. Stelzer, W.F. Long, Comput. Phys. Commun. 81 (1994) 357.

43] F. Caravaglios and M. Moretti, Phys. Lett. B358 (1995) 332.

44] T. Kaneko, Comput. Phys. Commun. 92 (1995) 127.

45] S. Kawabata, Comput.Phys.Commun 41 (1986) 127; 88 (1995) 309.
46] H.Tanaka, Comput. Phys. Commun. 58 (1990) 153.

[42]
[43]
[44]
[45]
[46]
[47] A.C. Hearn, REDUCE User’s Manual, Version 3.7. 1999.
[48] J. A. M. Vermaseren:New Features of FORM; math-ph/0010025.
[49] G. J. van Oldenborgh , Comput. Phys. Commun. 58 (1991) 1.
[50] F.Boudjema and E.Chopin, Z.Phys.C73(1996),85).

[51] T. Abe, Comput.Phys.Commun. 136(2001) 126.

[52]

52] S. Tsuno, K. Sato, J. Fujimoto, T. Ishikawa, Y. Kurihara, S. Odaka and
T. Abe,

“GR@PPA _4b: A four bottom quark production event generator for p p
/ p anti-p collisions,”

arXiv:hep-ph/0204222.

109



CHAPTER 6. SCMINAMI GROUP 110

[53] F. Yuasa et al., Parallel Virtual Machine — EuroPVM’96, Springer, (1996)
335-338.

[54] K. Tobimatsu and S. Kawabata, ”A New Algorithm for Numerical Inte-
gration”, Research Report of Kogakuin Univ., No.72 Apr. 1992.

[65] K. Tobimatsu and S. Kawabata, ”Multi-dimensional Integration Routine
DICE for Vector Processor”, Research Report of Kogakuin Univ., No.85
Apr. 1998.

[66] M. Skrypek, S. Jadach, W. Placzek and Z. Was, Comput. Phys. Commun.
94 (1996) 216,
S. Jadach, W. Placzek, M. Skrzypek, B.F.L.. Ward and Z. Was, Comput.
Phys. Commun. 119 (1999) 272.

[57] J. Fujimoto et al.,
Comput. Phys. Commun. 100, 128 (1997)

[arXiv:hep-ph/9605312].

[58] T. Tsukamoto and Y. Kurihara,
Phys. Lett. B 389, 162 (1996)
[arXiv:hep-ph/9607353].

[69] R. Najima and Y. Kurihara,
Comput. Phys. Commun. 99, 73 (1996).

[60] Y. Kurihara, J. Fujimoto, T. Munehisa and Y. Shimizu,
Prog. Theor. Phys. 96, 1223 (1996)
[arXiv:hep-ph/9603312].

[61] T. Munehisa, J. Fujimoto, Y. Kurihara and Y. Shimizu,
Prog. Theor. Phys. 95, 375 (1996)
[arXiv:hep-ph/9603322].

[62] F. Yuasa, D. Perret-Gallix, S. Kawabata and T. Ishikawa, “PVM-
GRACE,” presented at the Fifth International Workshop on Software En-
gineering, Artificial Intelligence and Expert Systems for High Energy and
Nuclear Physics, Lausanne, Switzerland, Sep. 2 - 6, 1996; Nucl. Instrum.
Meth. A 389, 77 (1997).

[63] H. Tanaka, M. Kuroda, T. Kaneko, M. Jimbo and T. Kon [Minami-Tateya
Collaboration], “The Grace System For The Minimal Supersymmetric
Standard Model,” presented at the Fifth International Workshop on Soft-
ware Engineering, Artificial Intelligence and Expert Systems for High En-
ergy and Nuclear Physics, Lausanne, Switzerland, Sep. 2 - 6, 1996; Nucl.
Instrum. Meth. A 389, 295 (1997).

[64] J. Fujimoto, T. Ishikawa, Y. Shimizu, K. Kato, N. Nakazawa and
T. Kaneko, “Automation Of Loop Amplitudes In Numerical Approach,”
presented at the Fifth International Workshop on Software Engineering,
Artificial Intelligence and Expert Systems for High Energy and Nuclear



CHAPTER 6. SCMINAMI GROUP 111

Physics, Lausanne, Switzerland, Sep. 2 - 6, 1996; Nucl. Instrum. Meth. A
389, 301 (1997).

[65] J. Fujimoto, T. Ishikawa, Y. Shimizu, K. Kato, N. Nakazawa and
T. Kaneko, “Automatic Computation Of Radiative Corrections,” pre-
sented at Cracow International Symposium on Radiative Corrections
(CRAD 96), Cracow, Poland, 1-5 Aug 1996; Acta Phys. Polon. B 28,
945 (1997).

[66] M. Dubinin, Y. Kurihara and Y. Shimizu, “Polarization asymmetry and
the Higgs boson production mechanisms,” Int. J. Mod. Phys. A 13, 4011
(1998) [arXiv:hep-ph/9603319].



Chapter 7

scnucll /scsokaku group

Nuclear Structure and
Heavy Ion Reaction studies
with microscopic methods

112



CHAPTER 7. SCNUCLL/SCSOKAKU GROUP 113

7.1 scnucll/scsokaku group

Group members:
Emiko Hiyama, Yoshiko Kanada-En’yo and Akira Ono*

Institute of Particle and Nuclear Studies,
High Energy Accelerator Research Organization,
1-1 Oho, Tsukuba, Ibarak: 305-0801, Japan
* Department of Physics, Tohoku University, Sendai 980-8578, Japan

This research project consists of three subjects on the nuclear structure and
reaction studies with microscopic methods.

1. Structure study of hyper nuclei with three-body and four-body calcula-
tions.

2. Structure study of unstable and stable nuclei with a method of antisym-
metrized molecular dynamics.

3. Heavy-ion reaction study with methods of antisymmetrized molecular dy-
namics.

The reports of the researches on these subjects are shown below.

7.2 Structure study of hyper nuclei

One of the goals of our study is to understand the hyperon-nucleon(Y N) and
hyperon-hyperon(Y'Y) interactions from the hypernuclear structure study. The
second purpose of our study is to study new dynamics of many body systems
consisting of nucleons and hyperons. Along this line, the following studies have
been done so far.

7.2.1 Shrinkage effect in {Li due to the addition of A hy-
peron

In order to see a dynamical contraction of the core nucleus, taking 5He +n + p
three-body model, we predicted B(E2;5/2% — 1/2%) in {Li to be 2.42 e?fm?
and that core nuclear size by addition of A particle was reduced by 25 %. The
recent high-resolution v-ray experiment KEK-E419 was in good agreement with
our prediction. Then, it was confirmed the shrinkage of the nuclear size induced
by the A particle for the first time.

7.2.2 Spin-orbit force in {Be and }*C

For the study of YN spin-orbit force, high-resolution v-ray experiments, BNL-
E930 and BNL-E929, to measure the spin-orbit splitting energies of } Be and
13C have been done. Before measurements, we predicted energy splittings of
these hypernuclei using two-types YN spin-orbit forces, meson-theory-based
Y N interaction and quark-model-based YV interaction. Recent experiments,
BNL-E929 and E930, have supported our predictions using the quark-mode-
based spin-orbit interaction.
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7.2.3 AN — XN coupling in {H and }He

For the study of AN — XN coupling, 1t is considered that four-body calculation
of 4H and } He taking 3N + A and 3N + ¥ channel explicitly is suitable. We
performed this coupled four-body calculation and found that 3N + X channel is
essentially important to make 4H and % He bound.

7.3 Structure study of unstable nuclei

We systematically studied structures of the ground and excited states of various
nuclei ranging from stable and unstable nuclear region. we applied a method
of antisymmetrized molecular dynamics (AMD), which has been proved to be a
powerful microscopic approach to explain exotic shapes due to clustering in the
ground and excited states.

The theoretical results predicted molecular states in light unstable nuclei
such as '°Be, ''Be, '?Be, '"Be and '°B. Owing to the progress of experimental
technique, the predicted molecular states were measured by break-up reactions.
The molecular structures are considered to be new phenomena in neutron-rich
nuclei, and the search is one of the hot subjects now.

In the theoretical study on sd-shell nuclei(Mg, Si, Ar and Ca), it is sug-
gested that a variety of exotic shapes may develop in the excited states due to
clustering aspects. For example, the super deformations in 3?S and *°Ca are
suggested to exist in the states with cluster cores. It is a long-standing problem
in the theoretical and experimental research whether or not clustering features
are found in such heavy sd-shell nuclei. In the present work, possible cluster
features and molecular resonances are found without assuming the existence of
any clusters for the first time. These theoretical results imply that clustering
aspect is one of the general features in the excited states of heavy nucleir as well
as light nuclei.

It should be pointed out that, except for our AMD calculations, there are
few microscopic calculations with which one can systematically describe such
properties of ground and excited states as exotic shapes and clustering aspects
in these nuclear region (sd-shell and heavier nuclei). The large dimensional
calculations are required because of the treatment of many-nucleon degrees, the
spin-parity projections, and the superpositions of wave functions.

7.4 Heavy-ion reaction study

Antisymmetrized molecular dynamics (AMD) with quantum branching was ap-
plied to collisions of heavy nuclei such as '*’/Au+'°"Au. For the central collisions
at 150 and 250 MeV /nucleon, the experimental data of the mass and charge dis-
tribution of the fragments produced from strongly expanding system are well
reproduced by AMD with Gogny force that corresponds to a soft equation of
state of nuclear matter. The sensitively to the equation of state (EOS) of nuclear
matter has been studied. The proton neutron ratio in the compressed region at
the early reaction stage was found to be sensitive to the density dependence of
the symmetry energy, which can result in the neutron proton differential flow
and the energy difference between 3H and 3He fragments.
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Similar isospin effects were also found in the AMD calculation for lighter
systems with lower energies, by comparing °Ca + %°Ca and *°Ca + *°Ca at 35
MeV /nucleon, for example. We have obtained a clear ‘isoscaling’ relation for the
ratio of the fragment yields. The sensitivity to the EOS of asymmetric nuclear
matter has been found in the neutron proton ratio of produced fragments, the
slope parameter of the isoscaling, and so on.

An extension in the quantum branching process of AMD has been introduced
so that 1t can incorporate an advantage of the mean field approach, by taking
account of the coherence among branched wave packets for some duration 7.
When a slowly expanding big system is formed in collisions of heavy nuclei with
relatively low energy (Xe+Sn at 50 MeV /nucleon, for example), the usual AMD
(7 = 0) predicts too rapid expansion that results in the production of too many
and too small fragments. On the other hand, by taking a finite coherence time 7,
the expansion is slower and the data of the fragment yield has been reproduced
very well.

7.5 Used computer facilities other than KEK
supercomputer

The computational calculations were partially done by using following super-
computers.
1. NEC SX4, SX5 in RCNP, Osaka Univ. (30 %).

2. Fujitsu VPP700 in RIKEN (7 %).

3. Fujitsu VPP5000 in Kyushu Univ. and JAERI (3 %).



Journal papers

(1]

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Four-body cluster structure of A=7-10 double- Lambda hypernuclei,”
Phys. Rev. C 66, 024007 (2002).

Number of citations: 0.

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Lambda Sigma conversion in (Lambda)He-4 and (Lambda)H-4 based
on four-body calculation,” Phys. Rev. C 65, 011301 (2002) [arXiv:nucl-
th/0106070].

Number of citations: 5.

H. Kamada et al., “Benchmark Test Calculation of a Four-Nucleon Bound
State,” Phys. Rev. C 64, 044001 (2001) [arXiv:nucl-th/0104057].
Number of citations: 15.

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Three- And Four-Body Structure Of Light Lambda Hypernuclei,” pre-
pared for HYP2000: 7th International Conference on Hypernuclear and
Strange Particle Physics, Torino, Italy, 23-27 Oct 2000; Nucl. Phys. A
691, 107 (2001).

Number of citations: 0.

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Three- And Four-Body Structure Of Light Hypernuclei,” prepared for
16th International Conference on Few-Body Problems in Physics (FB 16),
Taipei, Taiwan, China, 6-10 Mar 2000; Nucl. Phys. A 684, 227 (2001).
Number of citations: 0.

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Lambda N Spin-Orbit Splittings In (Lambda)Be-9 And (Lambda)C-13
Studied With One-Boson-Exchange Lambda N Interactions,” Phys. Rev.
Lett. 85, 270 (2000).

Number of citations: 9.

E. Hiyama, M. Kamimura, K. Miyazaki and T. Motoba, “Gamma Tran-
sitions In A = 7 Hypernuclei And A Possible Derivation Of Hypernuclear
Size,” Phys. Rev. C 59, 2351 (1999).

Number of citations: 7.

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Four-Body Calculation Of (Lambda)H-4 And (Lambda)He-4 With Re-

116



CHAPTER 7. SCNUCLL/SCSOKAKU GROUP 117

[10]

[15]

[17]

alistic Lambda N Interactions,” Nucl. Phys. A 639, 169 (1998).
Number of citations: 6.

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
“Four-Body Model Study Of Competition Between Y N Spin-Spin And
Spin-Orbit Interactions In Light Hypernuclei,” given at 6th International
Conference on Hypernuclear and Strange Particle Physics (HYP 97), Up-
ton, NY, 13-18 Oct 1997; Nucl. Phys. A 639, 173 (1998).

Number of citations: 1.

A. Dote, H. Horiuchi, Y. Kanada-Enyo, “Antisymmetrized Molecular Dy-
namics Plus Hartree-Fock Model and Its Application to Be Isotopes,”
Phys. Rev. C56, 1844 (1997).

Number of citations: 10.

H. Horiuchi, Y. Kanada-Enyo, “Structure of Light Exotic Nuclei Studied
with AMD Model,” Nucl. Phys. A616, 394c (1997).

Number of citations: 1.

Y. Kanada-Enyo, H. Horiuchi, “Opposite Deformations between Protons
and Neutrons in Proton-Rich C Isotopes,” Phys. Rev. C55, 2860 (1997).
Number of citations: 1.

Y. Kanada-Enyo, H. Horiuchi, A. Doté,
“Structure of Excited States of Unstable Nuclei Studied with Antisym-
metrized Molecular Dynamics,” J. Phys. (London) G24, 1499 (1998).

Y. Kanada-En’yo, “Variation After Angular Momentum Projection For
The Study Of Excited States Based On Antisymmetrized Molecular Dy-
namics,” Phys. Rev. Lett. 81, 5291 (1998) [arXiv:nucl-th/0204039].

Number of citations: 10.

Y. Kanada-En’yo, H. Horiuchi and A. Dote, “Structure of Excited States
of 10Be studied with Antisymmetrized Molecular Dynamics,” Phys. Rev.
C 60, 064304 (1999) [arXiv:nucl-th/9905048].

Number of citations: 20.

Y. Kanada-En’yo, H. Horiuchi and A. Dote, “Structures And Transitions
In Light Unstable Nuclei,” Nucl. Phys. A 687, 146 (2001) [arXiv:nucl-
th/0204038].

Number of citations: 0.

Y. Kanada-En’yo and H. Horiuchi, “Structure of Light Unstable Nuclei
Studied with Antisymmetrized Molecular Dynamics,” Prog. Theor. Phys.
Suppl. 142, 205 (2001) [arXiv:nucl-th/0107044].

Number of citations: 0.

Y. Kanada-En’yo, “Exotic clusters in the excited states of Be-12, Be-14
and B-15,” Phys. Rev. C 66, 011303 (2002) [arXiv:nucl-th/0204063].

Number of citations: 1.

Y. Kanada-En’yo and H. Horiuchi, “Structure of excited states of Be-11
studied with Antisymmetrized Molecular Dynamics,” Phys. Rev. C 66,
024305 (2002) [arXiv:nucl-th/0204041].

Number of citations: 0.



CHAPTER 7. SCNUCLL/SCSOKAKU GROUP 118

[20] A. Ono, “Antisymmetrized molecular dynamics with quantum branching
processes for collisions of heavy nuclei,” Phys. Rev. C 59, 853 (1999)
[arXiv:nucl-th /9809029].

Number of citations: 12.

[21] A. Ono, “Antisymmetrized Molecular Dynamics Approach to Multifrag-
mentation,” Prog. Theor. Phys. Supp. 140 (2000) 134.

[22] A. Ono, S. Hudan, A. Chbihi and J. D. Frankland, “Compatibility of local-
ized wave packets and unrestricted single particle dynamics for cluster for-
mation in nuclear collisions,” Phys. Rev. C 66, 014603 (2002) [arXiv:nucl-
th/0204005].

Number of citations: 0.



Conference presentations

[23]

[24]

[32]

[33]

E. Hiyama, “New understanding in hypernuclear physics generated by
solving four-body problem,” invited talk at the Symposium on topics in

the field of light nuclei, Cracow, Poland, Jun 1999.

E. Hiyama, “Three- and four-body structure of light hypernuclei,” invited
talk at International workshop on “Hypernuclear physics with electromag-

netic probes” Greesboro, USA, Dec 1999.

E. Hiyama, “Three- and four-body structure of light hypernuclei,” invited

talk at 16th International conference on few-body problems in physics,
Taipei, Taiwan, Mar 2000.

E. Hiyama, “Few-body hypernuclear systems and hyperon-nucleon in-
teractions,” invited talk at the first APS-JPS Joint DNP Fall Meeting,
Hawaii, USA, Oct 2001.

E. Hiyama, “Comments from theorists,” invited talk at International
Workshop on Nuclear and Particles Physics at 50 GeV PS, NP01, KEK,
Tsukuba, Dec 2001.

E. Hiyama, “Three- and four-body structures of light double-Lambda hy-
pernuclei,” invited talk at Czech-Japan Joint Workshop on Selected Topics
in Hypernuclear Physics, Prague, Chech Republic, Jan 2002.

E. Hiyama, “Few-body aspects of hypernuclear physics,” invited talk at
the Second Asia-Pacific Conference on Few-Body Problems in Physics,
Shanghai, China, Aug 2002.

E. Hiyama, “Few-body aspects of hypernuclear physics,” invited talk at
18th European conference on few-body problem in physics, Bled, Slovenia,

Sep 2002.

E. Hiyama, “Theoretical Overview,” invited talk at International Work-
shop on Nuclear and Particles Physics at 50 GeV PS, NP02, Kyoto, Japan,
Sep 2002.

E. Hiyama, “Four-body calculation of 2H and }He with realistic YN
and NN interactions,” the Tth Conferece on Meson and Light Nuclei '98,
Prague, Czech Republic, Aug 1998.

E. Hiyama, “Four-body calculation of 3H and % He with realistic Y N
and NN interactions,” the KEK-Tanashi International Symposium on

PHYSICS OF HADORONS AND NUCLEI, Tokyo, Dec 1998.

119



CHAPTER 7. SCNUCLL/SCSOKAKU GROUP 120

[34]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

E. Hiyama, “Four-body calculation of 4 H and } He with realistic Y N and
NN interactions,” the APCP Workshop on Strangeness Nuclear Physics
Seoul, Korea, Feb 1999.

E. Hiyama, “Four-body calculation of 4H and % He with AN —X N conver-
sion,” the First Asia-Pacific Conference on Few-Body Problems in Physics,

Noda/Kashiwa, Chiba, Aug 1999.

E. Hiyama, “Four-body calculation of 4 H and 4 He with AN — XN con-
version,”
International Symposium on Hadrons and Nuclei Seoul, Korea, February,

2001.

E. Hiyama, “Four-body calculation of 4H and % He with the realistic Y N
and N N interactions,” the 8th Conferece on Meson and Light Nuclei 01,
Prague, Czech Republic, Jul 2001.

Y. Kanada-En’yo, H. Horiuchi and A. Doté. “Structure of Excited states
of Unstable Nuclei studied with Antisymmetrized Molecular Dynamics,”
presented at International Workshop in Physics with Radioactive Nuclear
Beams, Puri, India, 12-17 Jan 1998.

Y. Kanada-En’yo. “Structure of Light Unstable Nuclei,” invited talk at
International Workshop on JHF Science, Tsukuba, Japan, 4-7 Mar 1998.

Y. Kanada-En’yo, H. Horiuchi, A. Doté. “Structures and Transitions in
Light Unstable Nuclei,” invited talk at INTERNATIONAL CONFER-
ENCE ON GIANT RESONANCES, Osaka, Japan, Jun 2000.

Y. Kanada-En’yo, H. Horiuchi. “Structures of excited states of Be iso-
tope,” presented at The International Symposium on Perspectives in
Physics with Radioactive Isotope Beams 2000, Hayama, Kanagawa, Japan,
Nov 2000.

Y. Kanada-En’yo, H. Horiuchi. “Structures of the excited states of Be iso-
topes,” presented at 3RD INTERNATIONAL CONFERENCE ON EX-
OTIC NUCLEI AND ATOMIC MASSES, Hameenlinna, Finland, Jul.
2001.

Y. Kanada-En’yo. “Molecular Structure with Exotic Clusters in light
Neutron-rich Nuclei,” invited talk at Yukawa International Seminar 2001
(YKIS01) Physics of Unstable Nuclei, Kyoto, Japan, Nov 2001.

Y. Kanada-En’yo, M. Kimura and H. Horiuchi, “Exotic shapes in *°Ca
and 3%Ar studied with Antisymmetrized Molecular Dynamics,” invited
talk at Jth Catania Relativistic lon Studies(CRIS2002) Exotic clustering,
Catania, Italy, 10-14 Jun. 2002.

A. Ono and H. Horiuchi, “Antisymmetrized Molecular Dynamics Calcu-
lation of Collisions of Heavy Nuclei,” invited talk at XVII RCNP In-
ternational Symposium on Innovative Computational Methods in Nuclear
Many-Body Problems, Osaka, November 10-15, 1997.



CHAPTER 7. SCNUCLL/SCSOKAKU GROUP 121

[46]

[53]

[54]

A. Ono and H. Horiuchi, “AMD Study of Multifragmentation,” presented
at International Workshop XXVII on Gross Properties of Nuclei and Nu-
clear Frxcitations, Hirschegg, Kleinwalsertal, Jan 17-23, 1999.

A. Ono, “Cluster Formation Dynamics in Medium Energy Nuclear Colli-
sions,” invited talk at 7th International Conference on Clustering Aspects
of Nuclear Structure and Dynamacs, Rab, Croatia, June 14-19, 1999.

A. Ono, “Antisymmetrized Molecular Dynamics Approach to Multifrag-
mentation,” invited talk at 14th Nishinomiya Yukawa Memorial Sympo-
stum: Frontiers of Nuclear Collision Dynamics, Nishinomiya, November

18-19, 1999.

A. Ono, “AMD Study of the Dynamics of Multifragmentation,” presented
at Gordon Conference 2000 on Nuclear Chemistry, Colby Sawyer College,
New London, New Hampshire, June 18-22, 2000.

A. Ono, “Molecular dynamics approach with quantum branching to mul-
tifragmentation,” presented at The Fourth Japan-China Jownt Nuclear
Physics Symposium, Lanzhou, July 31 — August 2, 2000.

A. Ono, “AMD Study of the EOS of Asymmetric Nuclear Matter in
Nuclear Collisions” | invited talk at Yukawa International Seminar 2001,
Physics of Unstable Nuclei, Kyoto, Nov. 5 — 10, 2001.

A. Ono, S. Hudan, A. Chbihi, J. D. Frankland, “Compatibility of the Lo-
calized Wave Packets and the Unrestricted Single Particle Dynamics for
the Cluster Formation in Nuclear Collisions,” presented at International
Symposium on Clustering Aspects of Quantum Many-Body Systems, Ky-
oto, Nov. 12 — 14, 2001.

A. Ono “AMD study of the EOS in nuclear collisions,” invited talk at
Gordon Conference 2002 on Nuclear Chemistry, Colby Sawyer College,
New London, New Hampshire, June 16-21, 2002.

A. Ono, “AMD Study of Nuclear Collisions with High Isospin Asymme-
try,” presented at Institute for Nuclear Theory Workshop 02-26W, Reac-
tion Theory for Nuclei Far From Stability, Sep 16-20, 2002.



Chapter 8

scastro group

Numerical Astrophysics

122



CHAPTER 8. SCASTRO GROUP 123

8.1 scastro group
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H. Suzuki, Tokyo University of Science
K. Sumiyoshi, Numazu College of Technology
S. Yamada, Waseda University
Y. Suto, Unwversity of Tokyo
K. Yoshikawa, Kyoto Unwversity

Using numerical simulations on supercomputers, we have performed re-
searches concerning supernova neutrinos, nucleosynthesis at the core-collapse-
driven supernova explosions and cosmological hydrodynamics.

8.2 Supernova

As for collapse-driven supernova explosions, whereas it has been pointed out
that aspherical natures such as convection might be essential for the explosion,
it gets more important to study neutrino transfer and neutrino opacity in the su-
pernova cores in detail. We have discussed the latter points using sophisticated
numerical simulations of spherical models as follows. We developed a numerical
code to solve the spherical Boltzmann equation for the neutrino distribution
function with an implicit hydrodynamics code. The code is fully general rela-
tivistic and adopts variable angular mesh which is optimised for various stages
and for various regions taking aim at better angular resolution. In addition,
we compared solutions with three different numerical methods: Monte Carlo
method, Multigroup Flux Limited Diffusion (MGFLD) method and the Boltz-
mann solver, for the same static background models and clarified advantages
and problems of the use of the Boltzmann solver.

Meanwhile, since the existing equation of states (EOS) for the high den-
sity matter have some troubles in numerical supernova simulations, we asked
a nuclear physics group mainly in RCNP, Osaka University to make numerical
data tables of a new EOS for the high density matter with finite temperature.
The EOS is based on the relativistic mean field theory, and the parameters in
its Lagrangian have been chosen to reproduce the experimental properties of
both stable and unstable nuclei. With this new EOS and our general relativis-
tic hydrodynamics code, we investigated the adiabatic collapse of stellar cores
both of Nomoto’s group and of Woosley’s group. It was confirmed even with
the new EOS that, while adiabatic prompt explosions could occur for small
cores, massive cores could not explode in the prompt way. Furthermore we
have done dynamical simulations of neutrino wind models in which the surface
layers of protoneutron stars are blown away by strong neutrino flux. Compared
with steady models so far, it was found that more realistic boundary condi-
tions, energy spectra and time profiles of neutrino flux are necessary. Based on
these dynamical models, calculation of heavy nuclei nucleosynthesis in ejecta of
prompt explosion and of the neutrino wind have been done in collaboration with
Terasawa and the results showed that the observed r-process elements could be
produced in our models.

For observational points of view concerning supernova neutrinos, numerical
simulations of protoneutron star cooling have been performed with the the new
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numerical EOS table. We note that the numerical table covers such a wide
range of thermodynamical quantities (temperature, 0 ~100MeV; electron frac-
tion, 0 ~ 0.56; density, 105! ~ 105%g/cc) that cooling simulations even for 50
seconds could be done without troubles. The quasistatic evolution of protoneu-
tron stars was investigated in detail with a numerical code including neutrino
transfer (MGFLD scheme). Even with revised subroutines concerning neutrino
emission rates due to nucleon bremsstrahlung and with the new EOS, mean
energy differences between electron-type anti-neutrinos and non-electron-type
anti-neutrinos at the second half of supernova neutrino burst were found to be
rather small as in our previous studies. In the case with neutrino oscillations
which the atmospheric and solar neutrino experiments indicate, energy spectra
of the supernova neutrinos should be also affected. We calculated the neutrino
flavour conversion probabilities for the three generation models and both for
normal mass hierarchy and for inverted hierarchy cases taking into account the
matter effects of stellar envelope. Although it has been pointed out that there
are possible inconsistencies between the observed SN1987A neutrino data and
large mixing angle solutions for the solar neutrino problem, our numerical results
are consistent with observed SN1987A data both in the cases with and with-
out neutrino oscillation because our original neutrino spectra have similar and
rather low mean energies of electron-type and non-electron-type anti-neutrinos.
Note that, however, our simulations correspond only to the second half of su-
pernova neutrinos, therefore simulations corresponding to the whole stage of
supernova neutrinos starting from the onset of core collapse to the protoneu-
tron star cooling phase are strongly required. Such simulations are now on trial
with implicit Boltzmann solver and hydrodynamics code.

8.3 Cosmological hydrodynamics

We also investigated cosmological problems such as clustering of Lyman-break
galaxies at z ~ 3. Recently Steidel et al. (1998) reported a discovery of a highly
significant concentration of galaxies on the basis of the distribution of 78 spec-
troscopic redshifts in the range 2 < z < 3.4 for photometrically selected “Lyman
break” objects. We examine the theoretical impact of their discovery in much
greater detail using a large number of mock samples from N-body simulations.
We identify halos of galaxies using the Friend-Of-Friend (FOF) algorithm with
a bonding length 0.2 times the mean particle separation, and assume that each
halo corresponds to one Lyman break galaxy. Thus our analysis properly takes
account of several important and realistic effects including (i) the survey volume
geometry, (ii) redshift-space distortion, (iii) selection function of the objects, (iv)
fully nonlinear evolution of dark halos, and (v) finite sampling effect.

We studied the volume-averaged two-point correlation functions in real space
of the halos and found that over the scales of interest the correlation functions
of halos are enhanced approximately by a constant factor relative to those of
the dark matter. Comparing the mean number density of halos with observed
number density of Lyman break galaxies, we found that while the clustering
of objects is naturally biased with respect to dark matter, the predicted bias
1.5 ~ 3 is not large enough to be reconciled with such a strong concentration
of galaxies at z ~ 3 if one similar structure is found per one field on average.
We predict one similar concentration approximately per ten fields in SCDM



CHAPTER 8. SCASTRO GROUP 125

and per six fields in LCDM and OCDM. Therefore future spectroscopic surveys
in a dozen fields (Pettini et al. 1997) are quite important in constraining the
cosmological models, and may challenge all the existing cosmological models a
posteriors fitted to the z = 0 universe.

8.4 Use of machine other than KEK supercom-
puter
These works were done with use of several computers:
e KEK supercomputers ~ 30%,
e RIKEN supercomputers ~ 30%,
e NAO supercomputers ~ 20%,

e workstations at host institutes ~ 20%.
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