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Science Questions

X Uninteresting question:

a What happens when | crash two gold nuclel
together?

v Interesting question:

» Are there new states of matter at the highest
temperatures and densities?

30-Jun-09 W.A. Zajc



Eleven Science Questions for the New
Century

Committee on the Physics of the Universe
NATIONAL RESEARCH COUNCIL OF THE
NATIONAL ACADEMIES...

What Are the New States of Matter at
Exceedingly High Density and
Temperature?

Are there new states of
matter at ultrahigh

temperatures,andyas
densities? l | T I



http://www.discover.com/current_issue/index.html

Fermi’s Vision
» ~1950: (Almost) included physics of 2009
° -§\e-e also remarks in his “statistical model” paper

Q\§\ From Fermi notes on Thermodynamics

o) Today
12 -
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Science Questions

X Uninteresting question:

a What happens when | crash two gold nuclel
together?

v Interesting question:

» Are there new states of matter at the highest
temperatures and densities?
$ Compelling question:

“"What fundamental thermal properties
of our gauge theories of nature
can be investigated experimentally?

“"Hint: Gravity is a gauge theory...

30-Jun-09 W.A. Zajc



e 1973 = Birth of QCD|

1973

VorLume 30, NUMBER 26

PHYSICAL REVIEW LETTERS

25 JuwNEe 1973

"y, Nambu and G, Jona-Lasino, Phys, Rev, 122, 345
(1961); 8. Coleman and E, Weinberg, Phys. Rev, D T,
1888 (1973).

YK, Symanzik (to be published) has recenily suggested
that one consider a A ' theory with a negative A to
achieve UV stability at A=0. However, one ecan show,
using the renormalization-group equations, that in such
theory the ground-state energy is unbounded from below

Yy, A, Bardeen, H, Fritzsch, and M, Gell-Mann,
CERN Report No, CERN-TH-1538, 1972 ito be pub-
lished),

""H. Georgi and 8. L. Glashow, Phys. Rev. Lett, 28,
1494 (1972}; 8. Weinberg, Phys. Rev. D 5, 1962 (1972,

EFor a review of this program, see 5. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physies, National Accelerator Labora-
tory, Batavia, Illinois, 1972 (to be published).

{3, Coleman, private communication),

Reliable Perturbative Results for Strong Interactions?*

- - H. David Politzer
. Jefferson Physical Labovatovies, Havvavd Universily, Cambridge, Massachusetts 02138
, y (Received 3 May 1973)

An explicit caleulation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green's functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
1y significant spontaneously broken solution, whose coupling could be strong.

goes to zero, compensating for the fact that
there are more and more of them, But the large-
p® divergence represents a real breakdown of

Renormalization-group technigques hold great
promise for studying short-distance and strong-
coupling problems in field theory.”® Symanzik?®

FHYSICAL REVIEW D VOLUME 8§, NUMBER 10 15 NOVEMBER 1873

Asymptotically Free Gauge Theories, I*

David J. Gross'

National Accelevatov Labovatory, P, O, Box 500, Batavia, Illirois 60510
and Joseph Henry Laboratovies, Princeton University, Princeton, New Jersey 08540

Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08540
(Received 23 July 1973)

Asymptotically free gauge theories of the strong interactions are constructed and analyzed. The reasons
for doing this are recounted, including a review of renormalization-group technigues and their
application to scaling phenomena. The renormalization-group equations are derived for Yang-Mills
theories. The parameters that enter into the equations are calculated to lowest order and it is shown
that these theories are asymptotically free. More specifically the effective coupling constant, which
determines the ultraviolet behavior of the theory, vanishes for large spacelike momenta. Fermions are
incorporated and the construction of realistic models is discussed. We propose that the strong
interactions be mediated by a “color™ gauge group which commutes with SU(3) x SU(3). The problem
of symmetry breaking is discussed. It appears likely that this would have a dynamical origin. It 1s
suggested that the gauge symmetry might not be broken and that the severe infrared singularities
prevent the occurrence of noncolor singlet physical states. The deep-inelastic structure functions, as well
as the electron-positron total annihilation cross section are analyzed. Scaling obtains up to calculable
logarithmic corrections, and the naive light-cone or parton-model results follow. The problems of
incorporating scalar mesons and breaking the symmetry by the Higgs mechanism are explained in detail.

W.A. Zajc



1 q 1y# . .
Sure looks like QED: "z #2474

Warning: Non-standard where F, =0 A" -0, A”

definition of A* |




A Nobel Cause

The Royal Swedish Academy of Sciences has decided BACK
to award the Nobel Prize in Physics for 2004 "for the

The Nobel Prize in Physics 2004 discovery of asymptotic freedom in the theory of the

Dawid J. Gross  H. Dawvid Frank
Kawvli Institute Paolitzer Wilczek

for Theoretical California Massachusetts
Physics Institute of Institute of
University of Technology Technology

California, Santa (Caltech), (MIT],
Barbara, USA Pasadena, Cambridge,
LISA LISA

A good start ...

Frank Wilczek and David Politzer were barely
20 years old and still PhD students when
their discovery of asymptotic freedom was
published. These were their very first
scientific publications!

strong interaction” jointly to David J. Gross, H. David
Politzer and Frank Wilczek [E]

A colourful connection

The scientists awarded this year's Nobel Prize
In Physics have solved a mystery surrounding
the strongest of nature's four fundamental
forces. The three guarks within the proton can
sometimes appear to be free, although no free
quarks have ever been observed. The quarks
have a guantum mechanical property called
colour and interact with each other through the
exchange of gluons - nature's glue.

W.A. Zajc



http://nobelprize.org/physics/laureates/2004/illpres/index.html
http://nobelprize.org/physics/laureates/2004/illpres/index.html

 QED (Abelian):
a Photons do not carry charge
a Fluxis not confined

—> 1/ r potential
—> 1/ r % force

 QCD (Non-Abelian):
a Gluons do carry charge
(red, green, blue) ® (anti-red, anti-green, anti-blue)

a Flux tubes form

— potential ~r

—> constant force (at ‘large’ distances)

dislance

Cartoon alert!
Not quite right...

distance



http://www.americanscientist.org/articles/00articles/dzierbacap7.html
http://www.americanscientist.org/articles/00articles/dzierbacap7.html

1 :
' L=—F,F q.(iy*D AT
» Sure looks like QED: 3e7 ot 20,(7°D, 4 m o,
where F, =0, 6A" -0, A"

» Except for this !
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The Consequence

* Linear potential (at large distances) =

“Single” (aka “isolated” aka “bare” aka “free”)
guarks are never observed.

* A“direct” consequence of the
non-Abelian terms in the QCD Lagrangian

* |nstead

o Mesons : Confined quark-antiquark pairs
o Baryons: Confined 3q combinations

30-Jun-09 W.A. Zajc
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QCD’s Essential Feature

0.5

« Hadron sizes as(Q) g Infrared Slavery
= c
~ 105 meters s T\ ¢ 3, 8
5% % 5
aka 1 femtometer o th g 2 5
§0.3 ég_- T gg @ o
aka 1 fermi =1 fm 2 2& 88 & 3 4
, : PNGE 5 3§
 Planck’s constant 3 02 8 1 » £
= > g E

i c =0.2 GeV-fm

> 1fm? < 200 MeV

= 200 MeV o i r

~ characteristic scale of FCUR-MOMENTTRANSFER Q (GeV)
confinement 0.2 fm 0.02 fm 0.002 fm

%
|

» As reflected in the “running coupling constant” of QCD

127 1 hicC
a;(Q%) = T o Am-==02GeV
(33—2N_) log( log(—) 0

A2 A2
30-Jun-09 A A W.A. Zajc



http://www.aip.org/pt/vol-53/iss-8/p22.html

* One magic number: “all” hadrons have the same radius r,

a Characteristic length scale r, ~1 fm
o Characteristic energy scale #c /(1 fm) ~ 200 MeV

« ‘Observation’: Quarks (and gluons) are confined
(color neutral) bags of radius ~r,

« Parameterize confinement
by “bag constant” B

proton

: N 4
m,,c? = potential + kinetic= B(—” r03)+a—
3

(1P

« Hadron masses mc?2~1GeV , “a”~1

» B ~200MeV/fm3=0.2 GeV/fm3

30-Jun-09 pion

13



http://dustbunny.physics.indiana.edu/HallD/Overview.html

o A Consequence

* (Well, really an assumption) e

. . . . 100000 O Q.CD mass
a Built into this expression 10000 | [BLHisgemees
_ o 4 # 1000
m,,c* = potential + kinetic= B(?ﬂ r03)+a— 100 | I I
| C | b | t

d s

a is the assumption of massless quarks *

- h _n
Kinetic energy ~ momentum ~—~a—
A I, f
* This (strange) assumption AT
consistent with °
properties of hadrons: T,
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Liberation Movement

° Not long after 1973 .

* Running of QCD coupllng constant
suggests possibility of building a new state of
“QCD Matter” with “free” quarks and gluons at:

o Sufficiently high temperature T A
o Sufficiently high baryon density pg |
« What T or pg ? ']

o For massless quarks and gluons, —— ——
only scale in QCD is confinement scale ~ 1 fm

e T~%c/(1fm)~ 200 MeV
o pg~ T4 ~ (200 MeV) / fm?3

* Rest of this lecture- ‘improving’ these estimates

30-Jun-09 W.A. Zajc


http://www.aip.org/pt/vol-53/iss-8/p22.html
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Naming It

73

« Shuryak publishes

first “review” of

thermal QCD- PHYSICS REPORTS | et

and coins a phrase: vt
“Because of the appare
analogy with similar y
phenomena in atomic
physics, we may call this
phase of matter

the QCD
(or quark-gluon) plasma.”

ferences between
nt in the physical
hon (the so-called

essed and, in the
trol the vacuum

tions, in which a
they are not too
phase transition

tron stars. Such
ory by means of
he present work.
ere goes beyond
inite and homo-
or discussing the
ach is the recent

s A ons [5.16, 5.17].
= ) are not properly
L : high speed. One

hd not to go into

NORTH-HOLLAND PUBLISHING COMPANY scuss ideas more

AMSTERDAM tensive and self-

Ipful discussions
A.D. Linde, A.B.

: . Zakharoy, and .
30-Jun-09 WA. zajc



« Hagedorn (~1968) : An ultimate temperature? Hadron ‘lever diagram

» The very rapid increase of hadron levels with mass ** [mem——
« ~ equivalent to an exponential level density 0 =
Mass p,®
(MeV) - fo
dn 500 | — 2
/T
@ m=—~me"'™
dm T
. .
0 10 20 30 40
-m/T Density of States vs Energy
=>Z~[ g m) e dm
250 f
1 1 200
ag Tu T
~ J‘m e H dm Number of 150 [
available
states 100 }
* And thus would imply an “Ultimate Temperature” (1) *
Ty~ 170 MeV o La
Hagedorn, 0 500 1000 1500 2000
S. Fraustchi, Phys.Rev.D3:2821-2834,1971 Mass (MeV)

30-Jun-09 _— W.A. Zaic


http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+AUTHOR+FRAUTSCHI+AND+title+statistical
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+AUTHOR+FRAUTSCHI+AND+title+statistical

 Huang and Weinberg (1970):

a Ultimate Temperature
and the Early Universe,
Phys. Rev. Lett. 25, 896 (1970)

a Difficulties in constructing
a consistent theory
of the early universe
with a limiting temperature

a Its own fine-tuning problem(s)

“A curious tentative view of
cosmic history emerges from
these considerations...

at earlier times (T~T),

p was, once again, dominated
by non-relativistic baryons!”

YinvosE 25, Mo |1
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Puzzles from pre-History

FHYSICAL REVIEW LETTHRES 28 Surmuisnnm 1l ]

ULTIMMATE TEMPEEATURE AND THE EARLY UNIVERSE®"

Earson Buing asd Saves Weinkerg
Pai g iy Mo Mol Solemce aad P pales Depardiesd, Modsoclessrrs laabinis of Tecledopy,
Camdridss, Massackssatis O30
Mesalvad & Acgust 15704

Tha saciy Bleiery of B usivarss s disceseesd 1o lhe contert of @ axpesantially fsing

deceliy of pariicle sbabas.

Thare ire mow paisibs theoretieal madels'
far thi thirral hlstory of the urdveras tack io
Tha tkme of bollus synibasls, whes e tomper-
alure was 0.1 do 1 Mel, Qur proseni thearesioal
apparains s really |rsdeqmie do deal with meoh

eavller tiress, o when TS 10 Mel', and In lleg

ol asy tethar deas H Ga usml & treat B matter
ol This ¥ATY EATIY Snlveres 5 oonaleing of 5
aumbtedr of apescles. ol saesrcladly frae pasticle
Bot bow maey aproies?

At ope exiperse, 5 migal Se asmemed thal the
semiberr of parilole apscise atape flxed (prhapm

nad,

1) [ pewriszlas dald on famdlins of paraldel ln-
early rishg Regpe trajectories, fheir maspes
takn SEarrebs values m w0, whers

o T A, i

Hare o' =1 Ga¥ ™" s tha enivareal Megps slope
ard £, b8 & rumber, of order anity, oharacier -
\zing the family, Thae of tha ¥

mnnl” br moHipas reaclicra Teg * that

jomt quarhe, saliqeris, antitapd
pheioma, and graviborm), In this cazs, tha fam-
perature 7 will vary with the cormiz seale fac-
tor’ BRI accordag to the ralation T 10N, Tha
Freamt uphreres should thm canfain varioes
redics of the parly Gelerna: Thess woolkd bea
1" hlackbody pravilabional redistios,” i T8/
alaped rocghly comslanl bebwisre Ch (i Bhat
Ui gravilims and thi plhtond dicsigiled Cron i
Pl af Cha dniveess; aleo, aessndlng b Zeddo-
wich,* the kftover quarks shonld te aboet as
eommon &S pald aboms, The gravibaiboeal rafia-
o woiilid ok beoed besen sofn, bl Bhe quarks
windld heawvo boen, usbese, of courss, querks 8o
md il e,

At T ﬂt‘lﬂ E:l:iren'-e L] mlﬂrl FLIT T

[
.r o e,

e b — Am

H KN} feeribed sy asler, e porid)e
N pould sol Eoevarge.
uﬂmrm T i urJq-l.llh- Lam=
purabure® L-ln |hu.n 1/5, Thequmbiy T,0 17
B, 18 thisd & Pldcis o o pE ratare OF any Sps-
fem b thermal sqoillbhriom.

Buppori for fhia Intlar sord of modsl comes
{ram s guile dillarml direction:

A1k Tie transvarss momentus distribation of
apcoredariig by very bigh srergy colllnions @
absirriad 1 be roeghly wcpf= B, | 160 Ml
Higgindiors® Interpeets thla disteilagibon bn tizms
of a wiatistics]l madel with T, = 160 MeV gl

“...a veil, obscuring our view of the very beginning.”

30-Jun-09

Steven Weinberg, The First Three Minutes (1977)

T o= =, il

Figm B0 )R g R
wexplEafoa' L )

Equationa. (2 ard ¢} bead o am asympickic level
denaity af farm 1), wiih

A= 2wifna 'S, B=jin+1L L}

The walue of [F & wit corinis —origlaally Fubdal
ard Versztana® had 0=4, but Lovelace' argues
dhait It |8 larper, possibly O=3,

Table | mummariees the values of 7, aed & dor
Ehnar warioes modele, Lovelace™ has emphasissd
iha skriking sgrasment hebwean fhe wiloss of T,
dirived in sock difderant warn, Wa raw ans Bk

Tahla 1. Poasitle viloes of tha peracwsars 1tk
leval-tdenaity farmala 1.

mexiel Te®Lligy B
1} Hagesham® L BEY ]
B Vemarima® fakl or'=1 Gy
D=4 LV TR |
O=E 174 MaY 1
n=g 19 BeY +
=3 (Epl u.l. i
Fud. & 'n-r 5.
485
W.A. Zajc
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Towards A “Better” Estimate

Q: How to compute location of transition from
A gas of hadrons at temperature T
a 10
A gas of deconfined quarks and gluons at T ?
Answer:
a Compute the pressure P in each phase
a The phase with the higher pressure wins
* Next few slides:

a Review of requisite statistical mechanics and
thermodynamics

30-Jun-09 W.A. Zajc



20

Statistical Mechanics |

_ d°rd’
* Density of states: dN =—5 &

o (Incredibly ubiquitous and useful)

. , 1

 Boson occupation factor:  f,(p)= SETAT
. . 1

* Fermion occupation factor: f-(p)= SEP AT

1 d3rd3p_vj- 1 d°p

* Then N =je(E(p)—ﬂ)/T +1 h®  Red eE-WT 11 1B

U= E(p) d3rd3p_Vj E(p) d’p
T BT 41 g3 T 3 d g 41 3

W.A. Zajc
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@ Statistical Mechanics I

* Huge simplification for (non-interacting)
massless quanta at zero chemical potential p .

¢ I\/IathematICS J' s’ dS = I"(a+1)é’(a+1) Exercise 1: ‘Prove’ this.

s¢ ds
e’ +1

=(1- 2—13)1“(a+1);’(a+1) Exercise 2: ‘Prove’ this.

. . _Ng _&0B) s _3
Physics: ns(M=17=22T" . n.(T)=,n,(T)

Exercise 3: Derive these
relations using above

6a(T)= = 3‘2‘5‘%4 6 () =5 (T)

2 4 Exercise 4: ‘Prove’ this.

¢ MathemaUCS £(2) = % , $(4)= g—o (Either you know the

0. un09 trick or ...)
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Statistical Mechanics Il

* End result (for massless bosons)

1.202 T 3 Exercise 5: Show this
0 Number density n(T) = ~ ( ) (handy pocket formula).
72'

Use it to compute

2
density of 2.7 K

- Energy density £(T) = Z_cj T photons.

2

a Pressure P(T)——g(T)—%T“

¥ Per degree of freedom
—Next step: Counting degrees of freedom

30-Jun-09 W.A. Zajc
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Counting Degrees of Freedom

Hadron 'level' diagram

* Hadronic phase

2 Assume relevant ——
T << 500 MeV C=

o ndf=3  (n,n0n)

* Quark-gluon phase oegeneracy
a Gluons: ndf = 2, x 8, =16
o Quarks: ndf = (7/8) x 2, x 2, x2,x 3. =21
o Total  ndf = 37

» Bottom line: ndfogp ~ 10 X ndf,40ns

30-Jun-09 W.A. Zajc



Hadron Gas Versus Quark-Gluon Plasma

+ Compare
P = S%T4 Pressure of “pure” pion gas at temperature T
2
Pocr =0 i B, g=37 Pressure in plasma phase with
90 “Bag constant” B ~ 0.2 GeV / fm3

Select system with higher pressure:

0.5

== Pjon Phase
= QGP Phase

Pocp

Exercise 6: Show this.

=» Phase transition at T ~ 145 MeV
with latent heat ~0.8 GeV / fm3

0.25 1

2Ssure
/ 1 fm?3)

Compare to (c. 2000) best estimates

¢ 100 200 (Karsch, QM01)
from lattice calculations:

T~ 150-170 MeV
025 latent heat ~ 0.7+0.3 GeV / fm3®

Temperature (MeV)
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A Question

* Why does the system select
the higher pressure ?

 After all, systems tend to ‘select’ the lowest
energy...

* Possible answers:
o To get the right answer

o Higher pressure pushes harder on lower pressure...
a It's more chaotic

a 29 Law of Thermodynamics

30-Jun-09 W.A. Zajc
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Thermodynamics |

* U = Internal energy of a system

o dU =dQ + dW (18t Law, energy conservation)
2 dU=TdS-PdV + 1L dN = U(S,V,N) Physicists: Always

remember this form,

o Entha|py H=U + PV derive the rest.
2o dH=TdS +VdP + pndN = H(S,P,N)
e FreeEnergy F=U-TS
2o dF =-SdT-PdV + pndN = F(S,T,N)
* Gibbs Free Energy G=F + PV
2 dG =-SdT +V dP + u dN = G(T,P,N)
 Grand Potential D=F—-pu N
2 dd=-SdT+VdP - Ndu = © (T,P, n)

30-Jun-09 W.A. Zajc
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Thermodynamics Il

* Hiding in the Legendre Transformation
formalism Is some very useful physics:
* Gibbs Free EnergyG=F+PV=U-TS + PV
2 dG =-SdT +V dP + udN = G(T,P,N)
2 SO0 u = (0G/ON);p , which in turn implies...

Fixes T and P

G(T,P,dN)

-SoG:uN:u—Ts—Pv@s—Pv@

G(T,P,N+dN)
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E Thermodynamics Il

. Now use U =TS — PV + uN together with
definition of grand potential ®=F — u N :

e O=D(T,P,u)=F-=uN=U-TS-uN=-PV

» Consider system at fixed (T,P, n) in equilibrium
with rest of universe:

* dSqor= dSg+ dSgy

Universe - System

— U

= dUg, + — W dNg, (Since Vg, fixed )
= (TdS.-dUs +pdNg )T { dcpnj




Hadron Gas Versus Quark-Gluon Plasma

+ Compare
P = S%T4 Pressure of “pure” pion gas at temperature T
2
Pocr =0 i B, g=37 Pressure in plasma phase with
90 “Bag constant” B ~ 0.2 GeV / fm3

Select system with higher pressure:

0.5

== Pjon Phase
= QGP Phase

Pocp

Exercise 6: Show this.

=» Phase transition at T ~ 140 MeV
with latent heat ~0.8 GeV / fm3

0.25 1

2Ssure
/ 1 fm?3)

Compare to (c. 2000) best estimates

¢ 100 200 (Karsch, QM01)
from lattice calculations:

T~ 150-170 MeV
025 latent heat ~ 0.7+0.3 GeV / fm3®

Temperature (MeV)
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Damage Control

* In reality, this Is not such a great estimate:

o Hadron side
+ Pions hardly massless relative to 145 MeV ©

1000000 -

+ Ignores exponential growth at higher T oo | o=

10000

+ Ignores (strong!) interactions b

10 4

a QGP side e e e b

+ Strange quark neither massless nor massive
+ Bag constant stand-in for QCD vacuum fluctuations
+ Ignores (strong!) interactions

 To do better

a Program some of this in Mathematica
o Calculate ~ 1 TeraFlops x 100 days ~ 101° Flop

30-Jun-09 W.A. Zajc




=) .
@ Lattice QCD
- “Solve” the theory on a discrete
space-time lattice

* Requires massive
(parallel) computing

i\ i {
I _ L] Al
l\l ,}., Y - i ——7
pe R o . '—' , :



http://www.ccd.bnl.gov/visualization/gallery/qcd/

[, Leimaeber
F” See “Visualization of Four Dimensional Quantum Chromodynamics Data ” at
neeo://www.ced.onl.gov/visualization/gallery/acd/



http://www.ccd.bnl.gov/visualization/gallery/qcd/
http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/

a4 Lattice Results for g-gbar Potential

 Lattice QCD results for the quark-antiquark potential:
a 1=0: alinear “confining” term appears in the potential
a 1> ~100 MeV: “confinement” vanishes

600 |V, (r,ll'} [Me‘q’]l

€ ~ratT=0

400 (Infrared Slavery)

200 F
€ “Freed” quarks

forT>Tg¢

0k /T,
€ ~1/rat T=0
-200 | (Asymptotic Freedom) ;Eg -
= ——
400 | F [fm] 4.50
02 04 06 038 1 1.2

30-Jun-09 W.A. Zajc


http://www-rnc.lbl.gov/qm2004/talks/plenary/05Friday/FKarsch.pdf

 Lattice QCD results for the quark-antiquark potential:
a 1=0: alinear “confining” term appears in the potential
a 1> ~100 MeV: “confinement” vanishes

600 F
V,(r.T) [MeV] 2 s e
400 | € ~ratT=0
__.-*’TI'HTFEEH Slavery)
200 € “Freed” quarks
forT>Tg¢
OT T/T,
€ ~1/rat T=0 1.40 ——
-200 (Asymptotic Freedom) 1.95
2.60 ——
r ——
400 | r [fm] 4.50
0.2 0.4 0.6 0.8 1 1.2

30-Jun-09 W.A. Zajc


http://www-rnc.lbl.gov/qm2004/talks/plenary/05Friday/FKarsch.pdf

Lattice Results on QCD Transition |

 Rapidriseind.o.fatT~ 170 MeV
e Latent heat =0 (i.e., a smooth “cross-over”)

16T . RHIC eag/TH —1=
14 t e/T 1 _
12 | . - S
10 | — r t ‘
Energy density 3 LHC
~ 3 8 t avor 1
e~ 1GeV/fm SPS 2 flavor
~ (6-7) x g, 6 | “2+1-flavor”  x
Exercise 7: a) Check 4 L 0 flavor i
if I've got this right.
b) Compute e atthe o | i
“top”. T [MeV]
0 1 1 1 L

30-Jun-09 100 200 300 400 500 600 rajc
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A Familiar Phase Transition

* Our best known
examples of
first-order phase
transitions

o Note that here we
. can independently
100°C vary T and P

(Why’)) Exercise 8: Answer
Liquid "/ this question.
Water 2 Note also

presence of

critical point =
vanishing of 1%t
order transition

Water Vapor

Temperature

0°C

&N Pressure W.A. Zajc
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The QCD Phase Diagram

Temperature T [MeV]
3

Nuclei Net Baryon Density

30-Jun-09 W.A. Zajc



Major Events Since Big Bang

Time Since Major Events
Big Bang Since Big Bang
Humans
p'mm stars, observe
galaxies the cosmos.
Era of and clusters
Galaxies (made of
a::ms ?nd
1 billion prasma
years atoms and m galaxies
lasma '
Era of stars
i Yo Bor) 3?.%'.'“ Sty
o form ons fly free
500,w0 m'n.
years lasma of microwave
ydrogen and background.
ol helium nuclei - _
plus electrons usion ceases;
3 minutes !;gm:y'm ris
tons, neutrons, n,
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Density
1 GeV/fm?3
~ 10 gm/cm?

Temperature
~ 160 MeV
~ 1012 K

Conditions
that
prevailed
~ 10 pus
after the
Big Bang
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History of the Massless Species
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Fig. 3.5: The evolution of g.(T} as a function of temperature in the SU(3)c ®
SU{2)y @ U(l)y theory.
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Summary- Lecture 1

* The Intrinsic scale of QCD is that of
confinement: 1 fm < 200 MeV .

« General arguments suggest that for
temperatures T ~ 200 MeV, nuclear matter will
undergo a deconfining phase transition.

 Lattice QCD is the only theoretical tool that
provides a rigorous procedure for moving from
general arguments to quantitative results in this
(non-perturbative) regime.
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