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Confinement

No free quarks
are observed
IN Nature

At temperature T=270 Mev, Yang-Mills
theory goes through a “deconfinement”

1, S transition: the quark free energy
G ..., ‘ aaa (measured by the Polyakov loop)
=7 . Al the known become finite and hadrons dissolve
. . . hadrons are into their constituents.
SNV I singlets under B
ﬁ . the SU(3) color -
- group
Va=2, 4 D
”Ll)p’n = Zijk Eijk q; qj ay Hadrongas Quark-Gluon-Plasma
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Deconfinement phase transition

Chiral condensate: P Y=LR+RL

Polyakov loop:

e T=0
< _ quarks are confined:
1] | - chiral symmetry is broken
( SEE - - \ - Z symmetry is restored

et et et st

P=Trpe 9941

e AN = (Ppy)~—(240Mev#0 |F =

—————— S (P)=0

« T=Tc
- quarks become deconfined
- chiral symmetry is restored
- Z symmetry is broken

c- o |F ;<o {(Py)=0

~ Michele Andreoli Confinement and Center Svimnmetrv
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Overview

@ Fields OSSN
@ Lagrangian | 2‘- ’:so’

\. L 1 X )
@ Gauge transforms \i SEmE 287

’ Tz ‘ T _:_, = | ‘ f"‘x
\ Lattice basic

Monte Carlo
Chiral condensate
Polyakov loop

@ Center Symmetry i 2%k
~ @ Symmetry Breaking V) z=e N
(0)= @ Confinement 14
[DAD[p,ple A d
429
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Quantum ChromoDynamics (QCD)

Quantum ChromoDynamics (QCD) is
the established fundamental theory of 1 T F F _ D
strong force. It describes the /L ——1r + +m )
fundamental interaction of elementary QD 2 wv= uv w S w
particles named quarks and gluons.
/ Dirac operator
T% a=1..N’~1  SU(N) group generator D=y, (0,+igA,)
- a a 3 (
AM_ZGT AM<X) Gauge fields (4xN_xN,) o 1
~ | Tr[T'T’]==9,,
W (X)=Wein cotoniovor, .. (X)  Quark Dirac spinor Lie Algebra: 2
b . prabc b p+cC
_ : [T, T |=if"T°T
F,,=0,A,~0,A,+ig[A,,A,] | J
. —iza T w,(x)
Gauge Q(x)=e
transforms T oy Qy, Pyt
A~0AQ +10s 0
g
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Path-Integral formulation

@ Effective “gluon” partition function

Z=[ D[Ale %"

The Euclidean Path
integral is the basic
tool for quantizing

fields on the lattice.

@ Where:

sG[A]:%fd“xTerF“”

Pure gauge part

o My M, - P
(wl W ) M, . My “.’2
M32 :

Gaussian

integration of
the fermionic
part

g

Fermionic

|M| :eTrln[M]: eTrln[m+D]

—ZOO 1) Tr D" determinant
pansion
(highly non

local )

|M|>0

1 .
— expansion
mq
(static limit)

Confinement and Center Svimmetrv
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‘, f f

Dp D =| I dy.d
w w x,color, flavor, ... wx l‘Ux

Euclidean formulation:

t=—1x,

4 . 14

d x=—id xg
w___  JE E

X X ==X, X,

_ E __ . E
Yo=Y¥i »¥Yi— 1Y,
{yf’YS}:26uv
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LatticeQCD is a non- La_ttl ce: baS | C [

perturbative approach to the ) N
QCD gauge theory, based transform as 1, \
on a discretization of the P, ~ U Xy P y [ — — gauge
QCD action which R wx UX Y invariant |
preserves gauge invariance  [J =»Q-U - €2 y ry
at all stages.

2 . x+ai

o — pe ¢ [, Ax)dx" Parallel transporter

/ Ux,u_ e X— Yy (asin RG)

% non-abelian phase when hopping a

Ve N N ¥ from a site to the other.
i 4 u —igaA, ——
A=aZ'=(x|7€Z] o Uimgaee

— >~
Lattice: /uarks pick up an approprlal%\ F1(x)~ f(x+a)—f(x)

/ Covariant derivatives:

1
a S )\ /\ / Vuw:_(UuwxﬂJﬁ_wx)
P(x),A(x) € A T U.eSU(N) ] 611
\\ / /\:7\ u Vuw:_(wx_U—uwx—aﬁ)
- a
Momentum cutoff: Uy :
’ Wilson operator:
P(x)=—1,+1,—1,+1,... D=Ly (V 4V )traV V'
_1 +
A>2a > —L<p<® Toe ™ e
a a e Improvements.

Twisted mass, staggered , DMF, etc...
7/29
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Lattice Action

. 1 (—1) Ter[U]\
Seff[U]:_ﬁlat_ZpSRTr[U +Zk k
N m
Se s,
Gluonic part Fermionic part
@ Gluonic part @ Fermion Kinetic operator espansion:
contains only the L [ 1 Discretized
trace of Plaguette M, ,=md, += (¥, Udyan,— Y U0 y] form
plaquette ] N 2 )
operators Puv R (_1) ;
|M| Trin[M]_ eTrln[m+D]Oce Zk:o km* IrD
—lggﬁp AM(x)dxM _
’ ’ a=0 Static ‘
Stokes h imit
theorem L|7
/—|7 ] m Dk @ |s made up of
1 4 . B B parallel transports
fd“ . U, connecting
Up = U1,2Us,3Us 4l < m *iD attoe attce
- k @ Trace means
TI‘[D ]:Tr[pDDIB] closed paths n=m
k times

Confinement and Center Svimmetrv
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Monte Carlo
10-10-10-10=10"lattice

10*-4-8=320,000 dxdydz...integrals

. . . 320000

- 10 points/dimension = 10 terms!
. 27

age of universe ~ 10" nanoseconds

Statistical Methods:

<O>_fﬂ)UQ)pr)we_ o) ‘<O>:

- [oUuDpDye”

Metropolis algorithm:

generate new configuration C randomly and
accept it with probability P(C)

> N G Cl - C2 -> C3 -> ... P ( C) - e—S(C) ;%Ittg:nann
clusters >
9/29
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temperature Time extension

Finite temperature
Y 4
’ N tirme

» Compact time Time = 1 I < { < > !
Temperature I == I
1 “High T” 0
1 i
restrition of i !
euclidean time €[0,p] 1P('—“+B)=—1P(t) i / timef | / .
and periodic boundary A ( t+ ) —A (t ) - | ( .
condition " g ! “Low T” K \ f \ :

| ; ‘
' I 0
' wt /

.----------------'

+ Time lattice extension:

N -N’=lattice grid

Che T
B Nt a
ﬁ't K N>largeT

- Michele Andreoli Confinement and Center Svimnmetrv
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Finite temperature (ll)

@ Partition function as functional integral:

2pend

( Z:Tr[e_H/T]:Zn <n|e_T.H|n>r:1/T:B:fcp(o)=cp(f:’>) Q)cPe_S[cp] W P

r:B:T:Nta i
T=——-
N,a
+ RG results
L
a:A_L(bO 2)2b0 2b, g

by b, ...=RG constants

A, ~200 MeV

Confinement and Center Svimmetrv

NN

2 Tovary T: ;>>

+ Fixed Nt approach

for a given N, ,vary lattice spacing using the function a(g)

Inverse N
coupling: Brac= 2?

confinement

a=->oo g2 pB,20 T-0

a=0 g =0 F)Iat > T ggr}finement

+ Fixed scale approach

,,,,,,%l\\\/\///Lﬁ,
%N LN >largeT
I N 11/29




Polyakov and Wilson loops

Boundary condition.___
z' Z zZ
\ y
AR A
4
/ 3
i — Trivial loops Polyakov loop
X

@ Wilson loop

Prototype of
gauge-invariant
object made
from only gauge
fields.

@ Polyakov loop

Wilson line: world-
line of a massive
static quark at fixed
spatial position x,
propagating through
the periodic time
direction.

@ Polyakov loop correlations _pl

Two Polyakov loops,

SI
having opposite
orientations, and BY A
spatial distance r=x-y. .
R

x ¥

r=[x—Jyl
Space correlator -
between quarks T

propagators: <D ( ) = < P( ) (y)>r:/|i_/)b

—
—

» | arge loop behaviour

o (p(x)~e""]

F, = Gibbs energy to create a
static quark q at x

(P(x)P(y))rcpy 2 e PVulr)

r—> o

r->o0

V,,(r)=static qq potential
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Polyakov and Wilson loops (II)

Physical interpretation

@ Polyakov loop and Free Energy

2poend

—>
space

S,.=y.U. U..U,p,:

Definition of —BF _ —HIT 1 _ —vH = / |
F(?éri]l;;)osno e Tr[e ] Zn <n|e |n>r=ﬁ=1/T
function) — Z e_BEn: K
_Spc + f—
:Zw ZUe Trw‘cU‘CU"'UOwO_
-5,
:ZUe TT[UU... U]O‘t
... but

ZUe_Sczr[UU...U]%-MP(SE» qed

<Tr IJeigf0 AU(})dt>G

@ Polyakov loop correlator and V(r)

Guassian
integration
over quarks

(Tr[w, S, (0) Wyl [, Sy (T)Wilre > (TrS,(0)S,,(T))g

quark propagator 0>t

(TrS,,(0)S,,(t)s=
2 05, (00 S, (1)0)- _
and Trace _Z <n|Sxy |0> In>=q q states
~e VI if 13w g.ed
N.B.

Fixing the gauge,
this is the Wilson
loop

(TrS, ( )Sxy(T)>G > (We)

temporal gauge A,=0

Confinement and Center Svimmetrv

Sxy(t):w:Uxe—l'" Uywy:
quark propagator x>y
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Confinement criteria

4 ) .
= » i -
(P)=0 a confinement <P>=sz P(X)
- : S
<P> #0 oS " decontinement Spatial invariance
. J
@ Hints
(PP (Y)apy > ™ ~ Dl=)eo
= big correlation length
- = order at big distances
Cluster . 5 -> deconfinement
limit (P(x)P (y)>r:|(x—y)| > (P <
r=>00 Order and

confinement

[Confinement! ]

14/29
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Static Quark-AntiQuark

It is generally believed that quark
confinement is a consequence of

the non-abelian nature of the
gauge interaction in QCD

. . b
@ Coulomb part evidences @")Ho:—7>

b N\ |

V., (r)~a—=+or |z
q q r = or

J ; I

Interpolation formula !
“Cornell potential” 3 ,J'

notential

@ Linear part evidences @r)r_,wzoD

The leading term in the Taylor

The non-linear, self-interacting term, in the 06, ad
F tensor is multiplied by the coupling expansion of the Boltzmann factor in (e°%**)=e " 9=¢ "= ™"
costant g. So, for small g, F reduces to its g0 power of the inverse coupling Sort=tV(r)
abelian counterpart (QED). This suggests constant exibits an “area law”. This >V(r)~or
a Coulumbian-type interaction. suggests a linear term. 50
Wilson loop C Blat
C _ IxT GI ””””” I ””””” H ””””””””””””
A A IR peesmsnny penneeneg roup Integration rules: (Haar
F,.=8,A,—d,A +ig[A,, A, ; ped (Haar) ;
O AT OATG LA Ay belicn-y o |
' f DUU,U i— F 61’,’ f au Ui U j Uk ..=0
g A YO PR | ‘ |
_ 9§ Adx gf . Fudx,  Lalre S L L U.=link along path i: x_=x
soes (W=l (1 o l %
Theorem: ) 5 1 ” < (Hints: U,~e" - phase oscill. indip.
e T >({U.)=0
> c(g—z)-r'cz—Vr , V:—cf— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Wp=0)
c: constant r > Aumu,) T
depending from <Wc> :f DUe ° Ir]},.. U= t:glsri]gn"
group structure ~e L@ iec
=[pud c (=) ][] U'T]]. U= s SN S
r— "[ Z:n gz Area Perim az ( gZNC )
A(C 1 1 r LA Ay 1 )
& + 2 a ZNC -0
e :H,— _2<UU )=( 2 Joi=e® 9T e € “Area law”
g N,
15/29
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Center Group Z(N)
z commute with each SU(N) element —
it pald=tarm

z 0 O
Z(N): zU=Uz, YVUESU(N) <—8 : 0/

27, N_1 2. 3 Polygonal .// |\
Z,=e N k=0,1,2,---,N—1 Z Zk:1+Z+Z tz .. 0 property of
k N unit roots "

Bo Uﬂd&!}" C{Jﬂdfﬂﬂﬂ\\ P LI AR :
[ ] ¢| 2 . Global center transformation:
\ 1

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

h '\
: - D
/- - \\ " Trival loops are invariant: (W ')=(W)
/ | Tr[U..zU ..z Ul=2"-Tr[UU...U]
¥ - frivial loops Polyakov loop Polyakov loops are NOT invariant: (P ")=z(P)
Polyakov P (X)=Tr UO<X,j)=TI”[UOUO...Uo]O[5 \\ TF[U...ZU...U]:Z'TI‘[UU...U] /
loop J€Cuy -
Wil + + Ifal inds q times: (P ")=z(P
IO(ljson W(C):Tr UJ.:TI‘[Ule...U “‘Un]C a loop winds q times: (P')=z%(P)

jec

- Michele Andreoli Confinement and Center Svimmetrv




Polyakov loops and Z symmetry

( Polyakov loop

ji\

]

ol r -

@ Pure gauge (no quarks)

With no quarks, the action S contains only

plaquettes (i.e. trivial loop, with g=0): S is (P) = z(P)
invariant under Z(N), but P isn't. S =» S
If Z(N) is a true (unbroken) symmetry, the 1+z+2°

configurations related by center symmetry 3 =0
will occour with the same probability, and the
expectation value <P> must vanish:
P0+ZP1+ZZP2 1+z+27°
(P)=(—rg—)=""2

So, the spontaneous breaking of the
Z(N) symmetry signals deconfinement:

<Po> =0

unbroken = (P)=0 - confinement

7.~
V" | broken - (P)#0 = no confinement

_1N s
)time <P>_N2 ZXP( )

Confinement and Center Svimmetrv

Basic fact: If a loop winds
non trivially q times around
the compact time
direction, then:

(P"y=z%(P) under Z(N)

@ Gauge + dynamical quarks

The hopping expansion of the
guark determinant contains
non-trivial loops 9=1,2,3,4,....

So, fermionic contribution S=5,+S;

breaks the center symmetry « (=1 DU

explicitly and <P> need not SF[U]NZkzo( k) r k[ ]
m

vanish in the confined phase.

~ g

hopping expansion

Nevertheless the study of the limit for infinite
guark mass provides us with important
information for the case where thermal
gauge boson gas dominates the free energy
(high T)

m=>o0
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Chiral condensate [ amscaser )
formula:
@ Partition function for the QCD <1_1)1P>=—ﬂp(0)

p(0)=spectral density of the Dirac
operator a zero momentum p->0

The chiral

SU(3),xSU(3), condensate

chiral symmetr misure the L-R
\ Y Y asymmetry of the |

\ QCD vacuum

Z :<€_fd4X@(D+m)w>FG:
=(Det[D(U)+m]),

:<eTrln(D[U]+m)>G

()p=average over fermions fields
() =average over gluon fields U

@ Differentiate Z[m] respects -m and expand in power of 1/m

10z ~
The Z(N) symmetry affects (Yy)== Al
. V Zo(—m)
loops that winds non- 1 .
trivially around compact =- —(Tr[——+—])
time — chiral condensate v D[U]k+m G
iS not Z-symmetric: _ # k:O(_rnlk) (Tr[ D*[U])), _+£2+_3.

@ Facts

At zero temperature:
- (P )#0( chiral symmetry broken )
- quark are confined ( Z,restored)

At finite temperature:
- (1 )=0( chiral symmetry restored )
- quark become deconfined ( Z,broken)

Is there an underlying
mechanism that links
the two key features of
QCD?

Mass parameter m may be
used to relate che chiral
condenstate and the
conventional Polyakov loop

Confinement and Center Svimmetrv

<q9>gyb

—— Logarithmic
- = Polynomic

......... Fukushima
- - - - Impr. Logarithmic -
—-— Impr. Polynomic

4 N =12, ASQTAD
e N =8, HISQ
5] Nr= 10, stout




@ The symmetry

Global
spin flip

S.=>—S

X X

H,»—H, notinvariant

@ The order parameter

2.5,

N

)

(s)=limy ., <

spin

- (s)changes sign under Z,
- (s) is an order parameter

H,»H, invariant

Ising model analogy
LTt
H, Lty
N = 143
Hh:J.ZXMSxSxﬂi_hZX Sx T Z[S]e BHhQ 11: * I i
a1 s, =spin at site x €{—1,1] (Q)=—F" S, L L1
| 2 L
Zh: : ]e_BH" h=external magnetic field TR
SX
@ Symmetry unbroken h=0

Z,={—1,+1]
The expectation value of any
guantity which is not invariant
under the symmetry group,
vanish:

@ Symmetry explicitly broken

At any temperature T.

. (s)#0
average spin ( (s)=0 only for T o)

value €{—1,+1}
@ Symmetry spontaneously

broken

N

(5)>—=(s)

it is possible that (s)#0
but (s)=0 for T>0

Confinement and Center Svimmetrv

= = = — —>

spin

— e A A e e = =

h#0

Y . b ey —y

e e e T

B

(s)=0 i@

L
|

o0, h=2>0

e e e e e

l

A e >




In summing up ...

/At temperature T=270 Mey, \

the quark free energy

loop)

(measured by the Polyakov

become finite and hadrons

Yang-Mills theory goes through
a “deconfinement” transition:

—F

(P)|~e™

\ﬁssolve into their constituentsj

F= Gibbs |
energy, static —
qguark creation

(P)=0 F,, =
ZN
restored (P P)#0
confinement
(P)#0 F,, <o
ZN
broken (Py)=0
deconfinement

-

“Magnetic”
disorder

-

“Magnetic”
order

1234 lattice

> 2

Ev3
p-s
i i
¢
g

L m
N-N-E-X-%

wﬁ‘

.
g@ae ] 1.5
=8
-8
=4
¥ gﬁ' C — m=0.020
£. 0O-m=0010 —
& *_ + _ m=0005 .

-

—_
o

< —

o
[3)]
WILSON LINE

X — m=0.020" *

¢ — m=0.010 *’e*

# — m=0.005 N
|

k]

- — 0.0
| L 1 1 L | L L 1 L 1

5.0

Confinement and Center Svimnmetrv

5.5

6.0 6.5

B

“At low temperature
quark and
antiquark are
connected by flux

tubes — String”

“At sufficient large
temperature,
strings breaks and
dynamical quarks
couples with

gauge bosons”
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U amns Yo
RomtiheRatiehiion

/\/
/\/

_ _ Credits
Slides and articles: ]
Books.
« M. D'Elia, De Forcrand * J. Greeensite, LePage
« J. Greensite * Creutz, Rothe,
« M. Ogilvie, Z. Fedor, B. Walk (thesis) * QCD lectures notes (Meggiolaro)
* M.Mesiti (thesis) « C.Gattringer, B. Lang
« K. Holland « Coleman, Makeenko
« A. Di Giacomo
Prof. M. D'Elia

for discussions & corrections

- Michele Andreoli Confinement and Center Svimnmetrv
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N-ality dependence

. indi i q k=1 a,a,..a
N-ality: # up-down indices in the - k=1 e (X)
group representation of matter ‘_1 r= 1b,...b,
qq9 k=0 k.=(n—m)mod(N)

.
@ Gluons (k=0, adjoint representation)
can bind to 1 quark (k=1) and 1 anti- <P> —0 .-RT
- - quark (k=-1). =e '
This does'nt change n-ality
Gluons cannot bind to matter with k=0
@ Matter with k not zero — potential V(r)

C— I become flat
Energy =0, L The fermion part is not invariant under Z(IN)
because time-like terms w; U(;l. P, (linear in U) get a factor z.
String tensions depends o ~ kr ( N - kr) o . .
on N-ality " N—-1 .

23/29
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Vortices ()

In the vortex picture of confinement, the QCD vacuum is considered as a
condensate of vortices with magnetic flux quantized in terms of the center group
Z(N)

@ Vortex = singular gauge transforms Gauce P =Qp,
@ Singular= periodic up Z(N) factor transgforms: U}i — Qf Ufi Qj

Q(t+p)=zQ(t), zez, mm) @fzz{}.\/ Boundary — qy(t+f)=—(t)

y conditions
- for fermions A (t+B):A (t)
u u
Anyway, Fermions breaks Z- and bosons
invariance
| only trivial z=1
1/ ‘ allowed S
___________ _ _ ~ig$ A, (X)d%x
T T W,(C)=(Pe )
|l _ L _1| [Inthefigure:
| | vorticesinA @ Wilson loops get a z factor for each vortex
LI eB linked to it.
T e @ Ex: In the case of Z(2)={-1,1}, this give a
* L { (-1)*n with n=number of vortices

24/29
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e
Vortices (ll)

@ QCD vacuum considered as a condensate of vortices with magnetic flux quantized in terms

of the center group Z(N)
@ The area low or large Wilson loop followw from fluctuations in the number of vortices linking

the loop. 9 A (%)d%
—i X )d%x
. W,(C)=(Pe “"™ )
| - Sub-ensamble of
Pvortex - configurations with C
; 7 :“ :1 :ﬁ :ﬂ :n - :ﬁ :j pierced by n vortices
'}
Ratios of Vortex-Limited Wilson Loops, B=2.3, 16 Lattice
- 15 . .
1 T
Esample: SU(2) — Z(2)={-1,+1} e o e e s b
z .
WH(C):@(C)V(C»Y F SR
05 |
n .
Wn(C)NWO<(_1) > A - O .
If C is large, products - i y W e | |
factorizes (indipendence) o 5 10 15 20

Loop Area

- Michele Andreoli Confinement and Center Svimmetrv



Center Projection

EEREREE SRR ECEET e 1 @ Center projection is the replacement
1 G, n o | 1 " ; . ;
boeiedl G G | of links variables by their closest U =7V
M S L I : center elements U - Z M wou
0 om__i_ i __1FFTEl @ Dominance: the confinement with V =1
e U T R EECEY relevant non-perturbative degree of
0 Memedbooodieodloo freedom are all in Z(N) , 5
G : 1 1| @ The claims is that this procedure min ZX,M Iru; .,
| 1 iicui locate vortices in the original lattice SU(Z) Z,=sign [Tr U]

Using statistical independence for large loop C: {(abcd ...)=(a){b){c)...
for Wilson loop we have:

<W(C)>:HCi <Z><V>NCH <Z>:1_La_2 <Zkr(i)>me_0,A ‘ Qﬁ/‘\/>:e—0rA(C\j>

Esample: SU(2) - Z(2)={-1,+1}

A
H <Zkr>m[f.(_1)+(1_f)(1)]a ~eo A fzi?rloballtyto have
String tensions: [ o~ —11] ( 1 _2 f)

26/29
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center vortex in one dimension

T /r_*"\x l /

/< N

Vortex removal

center-projected (P-vortex plaquettes)

L1 1o)

vortex removed configuration

T J T N

0.02 0.03 0.04 0.05

Ell."l‘lq

p=2.3, 16™*lattice

0.4 Bal otal ——
- — 035 el G
Vortex removal h 03 L vortices removed & |
(consistency test) | U=>U'=Z-U E@ _ oz
— o € 0271 ¢ o
S = 015 L
0.1t * .
Removing vortices should 005 e
remove the asymptotic string 0 : — :
tension R
27/29
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Dirac operator Improvements

H v (1)
o TM (wlp)xy: K1l
-1 — . — . Xy
k=1 kzwil,---’i“ U(1=y,)-E \’:( L) —(1+kH+KH2..)
Wilson-Dirac 1=KH 7
| = | a
(E™)y=0ssapy Hopping expansion
1
k= ) . ..
doublers 2a-m+8 Kinetic fermionic operator
4 )
1 ) \ . 1
Dwzzyu<vu+vu>+r-a.vu.vufKx,y—M°6X’y+§|:yMUM 6x+aﬁ,y_yu U_M 6X_Gljl,y] T
\_ J
better p=0 V/ chirality doublers
D, =D, +iuy.t’ v
lve for D: = Lo,
Twisted mass Dzl(1+y5-sign(H)) %) Ve+ OFD_ Dv.D v H“ Y @
(two flavor) a YsTYs=alYys
\J staggered

Overlap operator Ginsparg-Wilson

5
DDWF:ZM:1 Yuéu_M(XS)

Domain wall fermions
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HMC: pseudo-fermions

. «_ 1 ¢
Eesslﬂl%st:he f@(p@(p"‘ e(p K ch:|K+ K| bosonic auxiliary field
R L WA A
Seff[U:(p]_SG_(p K+K(p_SG_<E) (E)_SG_X P ¢

surface of constant H

1) generate y gaussian: P(y)=e **
2) compute =K [U| y at fixed U

3) update U using hamiltonian equations

at fixed ¢
C,»C,>C,>-
Selecting 1 2 3 —H(C)
u: ec:::ta ];)eo‘zsts to P (C) ~e
(U, pD] new energy surface, so Molecular dyn am|CS
all phase space can be ) . .
explored (hamiltonian phace space motion)

- Michele Andreoli Confinement and Center Svimmetrv
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