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case: ordinary fluids and wninxial magnets, Within this universality class, critical phenomena
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Universality and diversity

- .of critical phenomena
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1.  Universality of critical behavior

"  Universality classes

II. n=2 universality class : “He and XY models

" experiments in microgravity

RG theory and MC simulations
HI. Two - scale - factor universality

- IV. Diversity of critical behavior
" Finite systems
® Van der Waals interaction

" Anisotropy

V. Theoretical predictions

" Binder cumulant, free energy
" Non-rectangular geometries

- ® Challenge to MC simulations
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Singular (critical) behavior :
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Amplitudes :
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Origin_of singularities and of universality :
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long-range correlations near T,
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Dominant length scale of ordered clusters :
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Experimental test of

is

test of 2 fundamental theory

of physics : |

“Renormalization Group theory*
great importance in many

areas of physics :

Statistical physics
Elementary particle physics
Hydrodynamics (Turbulence, ...)

Solid st.ate physics (electronic properties, ...)

o¢ many degrees of freedom coupled
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Phase diagram and critical points
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Measurements at varions pressures P
Question : Critical exponents independent of P ?
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Problem due to gravity

aravity induces pressure gradient
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S ace shuttle or ISS in earth orbit

compensation of gravity ( g )

by centrifugal force

microgravity ( g g)
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Test of RG theory

and of universality :

Compare experimental result with

o, of lattice model
A
and
A" '+
X , —_— of ¢ field theory
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Continuum and lattice Hamiltonian of % theory

fluctuating n-component vector field ¢(x) in finite volume V = L4 :

Hpita = .\%ﬂ E ¥ + L.ﬁ&m + Eaﬁuum__

fluctuating n~component vector _._,m:mc_mm @; on fattice points x;

Higttice = MU _meﬁhw +ﬂmﬁﬁwum“_ +M —Jie — ;i)

g

temperature variable © ro=r0c + bat, = (T w T Y T
Universality class . dimension d , number n of components of vector ¢
RG theory :

universal critical behavior for t =+ 0

all critical exponents and scaling functions are universal — the same for given d, n,

independent of nonuniversal parameters : bo , uo, A (cutoff) , Ji,
independent of lattice structure
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Test of Universality

Superfluid density: ps = A, 1T = Tof”
Specific heat: (= A* T — Th|~®

for several pressures P along the X-lime of a‘ﬁﬁe
and several concentrations cg of *He-*He-sixtar

universal critical exponents v, o
AT Ay
( A—)lfﬁ-

universal amplitude ratios

independent of P and ¢3 7
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Gritical phenamana in microgravity: Past, present, and future

M Barmatz and akn
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This review provides an averview of the progress i ssing low-gravitystivironment ol apucs to explore
critleal phenpmens and test modorn theoretical predictioms. Gravitydndueed: wadlitions {n the
liydrostatic pressura and the resylting denstty gradients edyemely affect ground-bussd meavuremants
near fluld critical points, Porforming meesuromenty in & lowsgravity snvironment can significantly
rediuce these difficultics, A number of sipeificani experimenty have been periamied in. law-Earlh
orbit, Experiments near the fambda transition In liquld helium explored the ¢ ot large
correlation lengthe ‘and tested the theoretical pradictions toa level of praien. -t b

obstalngd on Earth, Other studies have. valideted theorstical pradistiomefor mmm@m
vieooeity as well as the unoxpoctsd aritical speeding up of tho tharmul: syuIESHam proces: e pury
Auide near the liguwid-gas critieal point, The sclentifie contsnt of previowly Jewn ]
invostigations of critfcal phesomena o well as those in the deueln-pmﬂu viagm, ol anchsd
grouns-based work are deacribed.

General Relativiry and Gravitation, Vol, 36, No. 3, March 2004 (© 2004)

REVIEW

Experiments in Fundamental Physics Scheduled
and in Development for the IS8

C. Limmerzahl,! G. Ablers,* N, Ashby, M, Barmatz,* P, L. Biermann,®
H. Dlttus,! V. Dohm,® R, Duncan,” K. Gibble,* 1. Lipa,® N, Lockerbie, ¢
N. Mulders,2! and C. Safomon'?

Recelved September 19, 2003; revited October 8, 2003

This is & raview of thoee axperimenta in the area of Fundamental Physics that are either
spproved by ESA and NASA, or are currently wnder development, which are to be
parfermed in the microgravity environment of the Internationat Space Statlen. Those
experiments eover the physics of lquid Heliom (SUE, BEST, MISTE, DYWAMY, and
EX ACT}, ultrastable stomic elocks (PHARAO, FARCS, RACE), ultrazstable microwsve
resonatore (STAMOY, and particle detectors {AMS and EUSO, The sclentific goals nre
to study mare precizely the universality properties of liguid Ealium wnder miccogervin
conditions, (o catablish better time standscds and 40 et the velvorsality of e geavia-
tionak red shift, to make mace peeciee tests of the eonstancy of the speed of ight, and 4o



Fundamental question :

How many independent nonuniversal amplitudes
exist within a (d,n) bulk universality class 7




Partition function of ¢* theory

- Zfield .\. Dy exp(—Hiaa/k5T)

Zlattice = \,@ﬁ exp (—Hiattice/kBT)

Free energy per unit volume near criticality

f(£,R) = wﬂ% INZ = Fring(tB) + Freg(t, B) Tw S T

Standard asymptotic scaling form near T, ({1 € 1), smait & :

%gﬁﬂe h)=4A1 v . W(Axh ﬁl__m,mu_

Universal mnmzzm E:na_o: W, universal critical mxunzm...ﬁ v, Bé

Two nonuniversal _u:_x mﬁu:u:amm Ar, hu w
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Bulk order-parameter correlation function for T> 7., h=0

Grierd(t,X) = < p(x)p(0) > , Gratrics(b: X5 — %5} = < 5 05 >

Second-moment bulk correlation length

e |1 J 232 Gruastt, )] b = | L 2 % Clatice(t,3) ]
P24 T Gt | BT 2 Y a0

standard asymptotic bulk scaling form near T: (< 1) for large [x] » A—1 , @

Great(t,X) = Ag Ix|"*2-7 ®(x/g) .

§ =gt~

universal scaling function &, universal criticai exponents 5 and v,

ﬁﬂao nonuniversal bulk amplitudes Ag and & . H
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Fund_ameﬂtal question .

How many independent nonuniversal amplitudes
exist within a (d,n) bulk universality class 7

Bulk free energy density :

fsing(f?, h) = @td'” . W(@h t*”55) )

Bulk correlation function : wW=0) @
Glr,t) = ;3:12—_% b (r/¢&) Zwi;h&ms
correlation length & -_-.-@ i _j
Sum rule :
- 82f(t,h)
fdd*r G(r,t) = ¥ ‘(’;;2 )|h=0
- Relation between Ag, £o, A1, A2 — a“i“ﬁ‘:f

—--——m—l—-———h—----q—uﬂ-n--—l----—-—--

RG theory : faing(t,0)-£4 = Q(d,n) = universal

‘E'D — (Q/Al)]'/d : ot imch@tuﬂh{‘
b [owly B twhtenwdank omplttedes)

»o._gcale-factor universality” for infinite systems
[Stauffer et al.(1972), Hohenberg et al. (1976),Wegner{(1976)]




Widely accepted statements

1. RG theory proves the validity of
universality of critical phenomena
in bulk and confined systems

2. Within a universality class, all systems. have the same

critical exponents and scaling functions

3.. Only two nonuniversal amplitudes:

2-scale factor universality

Main message of this talk :

Statements not true in general.

RG theory is compatible with a certain

diversity of critical phenomena

within a given universality class.



» finite-size effects
= van der Waals interaction in fluids

- anisotropy in solids

Critical exponents remain universal,
but

" finite-size scaling functions

depend on geometry, boundary conditions

= van der Waals interaction destroys scaling and universalit

in the regimes

»  anisotropy makes finite-size scaling functions

nonuniversal even at T, ,



ideal.systems: infinite, homogeneous

A 4

T 5

Divergences, singularities

Universality (d, )

Real systems

inite, wit f
Computer models } finite, with surfaces

= Singularities rounded

,T
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T
dependent on geometry, boundary conditions
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Hypothesis :

Two-scale factor universality valid also for confined systems
[V. Privman, M.E. Fisher, Phys. Rev. B 30, 322 (1984}]

f(t,h,L) = .ﬂm._w.ﬁ.n@u h,L) + .‘nﬂmb@u.ﬁu ; i = ﬂ

feing(t, b, L) = L™4Y(CrtLY" | CohLPOIY)

" universal finite-size scaling”

Y (z, y) universal for all systems within a (d, n) universality class
for given geometry and boundary conditions



Long-range interactions .

b
/

Ulx —x) |x—x’|d+‘?
real fluids : d=3 , =3

van der Waals
©* theory ;

1 -
H = f’z—(To-i—kQ-I-bkg)%‘P—k + Hofddm o
k

Order-parameter correiation function :
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scaling non-scaling
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Anisotropy in solids  {won - cubic  Sywwaks 7)

_éf
- rﬁi}____...--""‘
<t =TT ¢)
 —
H

Spins S; on lattice points x;,
builk correlation function

< 5;5; > = G(x; — Xj)

__h_d=epends on direction &,
is not isotropic, even at 7' = Tz.

need more nonuniversal parameters
than in isotropic fluids

within the same universality class
; xs. L AP ; V.o R o e l?\“‘[i-Rﬂ.\!, E E_'? L{}E{, 13{ (t{}*l

Main message 1 v. peww, X Py A 28 254 (op)

Standard argument .

"simple rescaling of lengths eliminates amsotropy

is not correct.
o s e ———
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Standard isotropic ¢? field theory at h=0"

Hysoz = \ dia |22 + + (V0 + uo (Y|

v

Generalization * anisotropic ¢ field theory :

Hfietld = \%H *H.,.Hﬁm

d % &m: isotropy matrix hﬁUl Ag, . contains d{d+ 1}/2 nonu niversal parameters
h=3 & mvn.ﬂ.ﬁnriiﬁ.rm;m, a_.

Origin : anisotropic ¢* lattice theory :

Hiattice = @° M %Iﬁw + uo{?) _ + Mwﬂ@ﬁ ﬁbu

]
_ﬂmw. Hﬁ.:ﬂm_: an arbitrary number of :o_._::qumm_ _um_,m_jmnm_.m .

p—— PP L)

T T N s
il ° " ’ e M M. bxmﬂ. = xm,?u. ﬂxpw s xuw A
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Main message

Dependence of finite-size effects on _'
“not only violation of 2-scale-factor universality,

but also

violation of universality

for all finite-size scaling functions.

Ilustration :  specific sxamples © = 2
h = 3
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Bigenvectors & of A :

- ’ =y ) .
A e, = A, €, % cubic tw %ﬂheml

axes (!} -
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“ ' axes 1
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Orientation of e.
relative to lattice axes
1 nyy _
dependson 3 / . 3 / 3 y , nonumniversal
need -ja-. & (d=1 ) angles to specify ¢
'\IIQQE; (k, Ql%ﬁu« \;&.huﬂ,& ‘AL
Must define o
" principle correlation lengths "
‘qg = L = 1 21y Cl“

unm1versa1 amphl:ude _-_.: depend on direction L
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Phase diagram of anisotropic model

T(w)
?Q-—r ﬁmhﬂhﬁ.
'TLLO) T
-anr-ra wia g,
2 ¢ ¢ > W
~1 0 1
2
2 $
leotmpl e

Ferromagnet . crit. point : T, (0) fir 7 >0, 1I'=0

v (fnd)of crit. points : T, (w) Mir I>0, T %0

N

. ' " A
3 eigenvalues of { Am_%) positivefor — 2 < W =

Critical exponents : independentof w

But: correlation function and\ﬁnité-size-effectsﬁ(
— ¥

\ w_dependent \




Amplitude of free energy

fung(t,h, L) = L3 Y(CrtLY" Coh LA )

universal finite-size scaling { wwetiomw A
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.Check :  anisotropic g*-theory
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Y(0,0) depends on anisotropy matrix {
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Ising Model in finite volume
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large L : = U(ctLl/?) scaling form, ¢ nonuniversal

T=T: lm;_e U(0,L) = U* = universal

“independent of J;; , lattice structure ,

equivalent : via free energy
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(1)

(2)

(3)

(4)

()

Summar

&

Critical expounent o and amplitude ratio A/ A of *Helium

in approximate agreement with RG and MC,

but small unresolved discrepancies

"2-scale factor universality” is
net valid

for anisotropic systems of noncubic symmetry
neither for bulk nor for confined systems.

——
P ]

Finite-size scaling functions Y{(x, y) are
nonuniversal

for anisotropic systems of noncubic symmetry

in a given rectangular geometry Cow Qiwrwme

4 fn WS

e A= 2

Nonuniversal finite-size scaling functions in anisotropic systems

with rectangular shape

are exactly related to

universal finite-size scaling function of isotropic systems

with non-rectangular shape

quantitative predictions for anisotropic spin models :
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