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gém\/iscosity — “Suitably Normalized”?

* First, this is the shear viscosity n

Fe o
A n@y

* |tis a dimensionful quantity:

* The ratio n/s, where s is entropy density,
has units of h/kB Exercise 6: Show this.

= Dimensionless in natural units h = ¢ = kg = 1

* |t may satisfy a fundamental bound ” > 1

4

(re)-discovered using black holes in 5-d space-time (!)
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RHIC Scientists Serve Up ‘Perfect’ Liquid 4
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Contacts: Karen McNulty Walsh, (631) 344-8350 or Peter Genzer, (631) 344-3174

RHIC Scientists Serve Up 'Perfect’ Liquid

New state of matter more remarkable than predicted — raising many new questions

Monday, April 18, 2005

TAMPA, FL — The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) — a giant atom
"smasher" located at the U.S. Department of Energy's Brookhaven National Laboratory — say they've created a new
state of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite
different and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the
matter created in RHIC's heavy ion collisions appears to be more like a liquid.
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RHIC Scientists Serve Up 'Perfect' Liquid

New state of matter more remarkable than predicted — raising many new questions
Monday, April 18, 2005

TAMPA, FL — The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) — a giant atom
"smasher" located at the U.S. Department of Energy's Brookhaven National Laboratory — say they've created a new
state of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nucei, but it is a state quite
different and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the
matter created in RHIC's heavy ion collisions appears to be more like a fiquid.

e Miklos Gyulassy and Pawel [

e Most restrictive:

» Dissipative Phenomena
In Quark-Gluon Plasmas
P. Dani icz, M. Gyulassy
Phys.Rev. D31, 53,1985.

noted restrictions on smallest allowed 7 :

Before estimating A, via Eq. (3.2) we note several physi-
cal constraints on ;. First, the uncertainty principle im-
plies that quanta transporting typical momenta (p) can-
A>hi<p> = n>~n/3 not be localized to distances smaller than {p)~'. Hence,

it is meaningless to speak about mean free paths smaller
But recall s = 3.6 n for

than (p)~". Requiring A, > (p),~" leads to the lower
the quanta they were considering

bound
n>4n, (3.3)

—nis >1/(36x3)~h/(4m) =2

What
of

- how large is the free-space cross sec
04 b ta. See Refs. 21 and 22 for exampl

AdS / CFT in a Picture

5-dimensional
Black hole — AdS spacetime
i i PO (AdS = Anti de Sitter space )
satisfies k:k.= 0 — & s
(strongly-
coupled)
gauge theory
calculation is
dual to an
easy semi-
classical
gravitational
calculation.

described by 4 numbers

Quark-glu

plasma
( Adonted from S. Brodskv fiaure )

- The realization that the key pro

perty of the quark-

gluon plasma is its “near-perfect liquidity”,

as quantified by n/s

being at or near the quantum bound of Yar
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g Circa 2006 - The Difficulties with Hydro

« Seemingly straightforward :

0.T" =0
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g Circa 2006 - The Difficulties with Hydro
“Seemingly insurmountable:

mIl + T = Tns + T q - @ — lugd - g — (o T10
+ }\l'[q q-Va + Ang T o

e

T A q, + g = Q%S — gl @/ — 7y Y W,
- Ko~
+ by VHIL — £yn AWV o + Tq W q — 3 oy gt @
- )\qq {T'“v Oy + )\ql—[ H V'“-‘.T + Aq?f "J'I—'“;I‘J v;){l\'

T P SRS
+ 20 VG + 27 myHwr — 2007 0

— 27\t — 2000 PV + 2X;n T o™
a Unknown Initial Conditions

a Eccentricity fluctuations

a Unknown equation of state

o Instabilities, acausal effects
In relativistic viscous hydro

a Hadronic rescattering effects
a Bulk viscosity
a  Numerical viscosity
204u-1n Finite size, core/corona effects W.A. Zajc




« BNL, April 2008:

Workshop on Viscous Hydrodynamics and Transport Models in Heavy lon

2008 - Concordance

a
Coallisions .
See also Song and Heinz, Phys. Rev. C77, 064901,
o Workshop Summary 222301 (2008)
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M. 12 FIG. & (Color ouline) Comparison of hydrodynamic models to experimental data on charged

FIG. 70 (Color online) Centrality dependence of total multiplicity dN/dY and < pr = for
at, 7T, KT K~ pand p from PHENIX [34] for Au+Au collisions at /5 = 200 GeV, compared to
the viscous hydrodynamic model and various /s, for Glauber mitial conditions {from [22]) and
CGC mitial conditions. The model parameters used here are 7o = 1 fm/e, o = /s, A1 = 0.
Ty = 150 MeV and adjusted T; (see text for details).

hadron mtegrated (left) and minimum bias (right) elliptic flow by PHOBOS [85] and STAR [57].
respectively. STAR event plane data has been reduced by 20 percent to estimate the remowal
of non-flow contributions [37, 88]. The lime thickness for the hydrodynamic model curves is an
estimate of the accumulated numerical error (due to eg. finite grid spacing). The integrated g
coefficient from the hydrodynamic models (full lines) is well reproduced by de, (dots); indeed, the
difference between the full lines and dots gives an estimate of the svstematic uncertainty of the
frecze-out prescription.
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http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0804.4015
http://quark.phy.bnl.gov/%7Epetreczk/viscous_hydro.html
https://wiki.bnl.gov/TECHQM/images/c/c1/Summary.pdf
https://arxiv.org/abs/0712.3715
https://arxiv.org/abs/1208.2826

Paradigm Shift

. mSPIRE query for all publications with
“QGP” and related words in their title:

"Quark Gluon Plasma" Publications Versus Time
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VVEDNESDAY, JULY 13, 2011

The topcited HEP paper of all time.

For as long as the annual topcited papers lists have been around, the alltime champion
has been Weinberg's "A model of leptons”, the 1967 paper that laid the foundation stone
for the Standard Model. 30 years later, in Movember of 1997, the paper The Large M limit
of supercanformal field theories and supergravity by Maldacena appeared that established
a connection between string theory and quantum field theory. It immediately set of a
revolution in HEP and was the most highly cited paper ever since. Remarkahbly, its highest
citation count wasg@®2ZU10, where it re™wged over 1,000 citations in a single yearl One
reason for this is Qe heavy ion results frggh Brookhaven that drew people to conclude that.
hased on Maldacens Sw—.s gluon plasma can be modeled using string theory
technigues.

Posted by Heath O'Connell at 12:50 AM
~ME +1 | 2 people +1'd thiz

ABOUT INSPIRE

INEPIRE is the place for HEP
infarmation. Itis run by CERM,
DESY, Fermilah, and SLAC. For
more infarmation:
www.projecthepinspire.net

This blog will contain occasional
updates aboutthe service and
information about our future plans.
For rapid service notifications, follow
INSPIREhep on twitter.
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https://blog.inspirehep.net/2011/07/topcited-hep-paper-of-all-time/

Welcome to [NSPIRE! INSPIRE is out of beta and ready to replace SPIRES. SPIRES will be switched off soon. If you have questions, comments or
concerns, please email us at feedback@inspirehep net.

Hep :: HepNames :: Inst :: Conrerences :: JoBs @ HEewp . SPIRES :: Exp

Information | | References |d0}| | Citations |325}|

Energy Loss and Flow of Heavy Quarks in Au+Au Collisions at s(NN)**(1/2) = 200-GeV.

PHEMNIX Collaboration (A. Adare (Calorade ) et al.) Show all 421 authors.

Nov 2008
6 pp.

Phys.Rev.Lett. 98 (2007) 172301
e-Print: nucl-ex/0611018

Abstract: The PHENIX experiment at the Relativistic Heavy lon Collider (RHIC) has measured electrans fram heavy flaver (charm
and bottom|} decays for 0.3 < p_T = 9 GeV/e at midrapidity {[y] < 0.35) in Au+Au collisions at sgrt{s_MN} = 200 GeV. The nuclear
maodification factor R_AA relative to p+p collisions shows a strong suppression in central Au+Au collisions, indicating substantial
energy loss of heavy quarks in the medium produced at RHIC. A large azimuthal anisotropy, v_2, with respect to the reaction plane
is ohserved for 0.5 < p_T « 5 GeV/c indicating non-zera heavy flavor elliptic flow. Both R_AA and v_2 show a p_T dependence
different from those of neutral pions. A comparison to transport models which simultaneously describe R_AA{p T} and v_2{(p_T)
suggests that the viscosity to entropy density ratio is close to the conjectured quantum lower bound, ie., near a perfect fluid.

Keyword(s): INSPIRE: nucleus nucleus: colliding beams | scattering: heavy ion | gold | charm | bettom | guark: hadroproduction |

gquark: decay | electron: vield | elliptic flow | multiple scattering | quark: energy loss | nuclear matter: effect | viscosity | entropy
model: fluid | PHENIX | experimental results | Brookhaven RHIC Coll | 200 GeV-cms/nucleon

Record created 2006-11-13. last modified 2011-07-26 Similar records
El Abstract and Postseript and PDF from arXiv.arg = Export o o
@Jnurnal Server - Phys Rev Lett. lEI.lt.)"I;e:,uIE“ndfl\J“Dtle., 'I:ELTBAEUSE, LaTeX(EU), Harvmac, MARC, ]
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The Real Surprise
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Charm quarks

o Lose significant energy

and

a Flow
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The Real Surprise

———————  Charm quarks

—— Armesto et al. (1)
BN con Hees ot ) o Lose significant energy

3(2rT) Moore &
-------- 12/(2aT) Teaney (1)

and

....................

””@@@.u..ﬁ_%

uAu@\]_ ZIJI)GEV
P IR

II::II‘I—PI_I'I III|III|I|-II|III|III|III

2 Flow
e 1 wprovides n/s estimate

o :ITDRM

A
pT[GeWc]

matter’s diffusion coefficient 0. Using the observation [32]
that D = 6 X 5p/(e + p) withe + p = Ts at uy = 0 pro-
vides an estimate for the viscosity to entropy ratio n/s =
{—: — 2) /44, intrigningly close to the conjectured quantum
lower bound 1 /47 [33]. This result is consistent with

20-Jul-17
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géw The First LHC Heavy lon Discovery

. The matter produced in LHC collisions exhibits

the same qualitative features discovered at
RHIC:

a Strong
hydrodynamic flow

a Strong
guenching of high momentum particles

20-Jul-17 W.A. Zajc
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Strong Hydrodynamic Flow

Fme structure” (mass ordering) iIn hydrodynamic
response predicted for &, K, p, E, Q :

>

20-Jul-17
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Data recorded: Sun Nov 14 19:31:39 2010 CEST

Run/Event: 151076 / 1328520

CMS Experiment at LHC, CERN
Lumi section: 249
e

CMS
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New Heavy lon Physics at the LHC

Sequential Y Evidencefor C-C
suppression recombination
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(3] ‘ _ ]
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CMS, , Phys. Rev. Lett. 109, 222301 (2012) 0.8 o
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http://inspirehep.net/record/1088222?ln=en
https://arxiv.org/abs/1202.1383
https://arxiv.org/abs/1208.2826

18

(b) CMS MinBias, 1.0GeV/c<p, <3.0GeVie . ::’N _l IA TI-LIAls o o o o | |
Flow signatures " p+Pb,\/s\=5.02TeV, L =1ub"
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http://inspirehep.net/record/870473/plots
https://inspirehep.net/record/1206610/plots
http://inspirehep.net/record/1223123/plots
http://inspirehep.net/record/1222874/plots

Controlled Injections of Asymmetry
* Enabled bv RHIC versatility

Viscous Hydrodynamics, time = 1.000

J. Nagle et al., PRL 113, 112301 (2014)

Viscous Hydrodynamics, time = 1.000 Viscous Hydrodynamics, time = 1.000
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https://inspirehep.net/record/1486072?ln=en
https://inspirehep.net/record/1486072?ln=en
https://inspirehep.net/record/1486072?ln=en
https://arxiv.org/abs/1609.02894
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o

Connections to Other Fields

* This famous picture used to illustrate
elliptic flow ...

Is actually a real picture of cold atoms
expanding as a nearly perfect fluid
with n/s ~ (4-5)/4r .

 John Thomas and collaborators

Observation of a Strongly-Interacting Degenerate Fermi Gas of Atoms,

K.M. O’Hara et al., Science 298 2179 (2002) 27, arXiv:cond-mat/0212463
20-Jul-17 W.A. Zajc
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QGP Remains the Winner...

. Ultra-Cold
Atoms
2
c 10F
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Fluid Imperfection
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QGP Remains the Winner...

. Ultra-Cold Heli W Quark-Gluon
Atoms =Ll ater Plasma

Compelling need
to establish
T-dependence!
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Thermodynamics |

R e Gl ek

* U = Internal energy of a system

o dU =dQ +dW (1st Law, energy conservation)
2dU=TdS—-pdV+pdN = U(S,V,N) Phiscssiauars
o Entha|py H=U + pV derive the rest.
2 dH=TdS +Vdp+ udN = H(S,p,N)
* Free Energy F=U-TS
2 dF =-SdT-pdV + ndN = F(S,T.N)
* Gibbs Free Energy G=F + pV
2 dG =-SdT +V dp + ndN = G(T,p,N)
* Grand Potential ®=F —u N
2 d®=-SdT+Vdp-Ndu = @ (Tp, p)

20-Jul-17 W.A. Zajc
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Thermodynamics Il

* Hiding in the Legendre Transformation
formalism is some very useful physics:

* Gibbs Free Energy G=F +pV=U-TS + pV
0 dG=-SdT +V dp + udN = G(T,p,N)
a SO p = (0G/ON)r, , which in turn implies...

Fixes T and p

G(T,p,N+dN)

20-Jul-17
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SR Thermodynamics Il

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

c O=D(Tp,W)=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

* TdSgy = dUgy +p dVgy — p dNgy

=dUg, + — n dNgy (Since Vg, fixed )
. Then dSgr=  dSe+(dUgy — 1 dNgy )T
E::.ercise 1: Work through (T dSS- dUS + vl dNS )/T 2[ dd)/ﬂ
this argument
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: d>r d°p  d°r d°p d>p
¢ DenS|ty Of StateS dN = R3 — (27Tﬁ)3 — d’r (2ﬂ)3

o (Incredibly ubiquitous and useful)

: 1
* Boson occupation factor:  f5(») = —5gmar

—1

1
el E(p)—n)/T 4 1

* Fermion occupation factor: fr(p) =

° 3 o ’
Then & = /e(E(p) u)/TildT( 7T3/€(E(p) “’)/Tildp
- E(p) 3 d3p _ v 3
U_/e(E(p)—u)/szldr( - 3/e<E<P WTildp

20-Jul-17 W.A. Zajc
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* Huge simplification for (non-interacting)
massless quanta at zero chemical potential p .

s% ds

Mathematics: /0 —~—7 = lle+1)¢(a+1) TExercise2: Prove’ this.

5% ds 1
/0 = (1—-57)T(a+1)C(a+1) Exercise 3: ‘Prove’ this.

es 41 24
. Physics: ng(T) = % = % T , np(T) = Z np(T) ED)r(eer:\(;iese .
ep(T) = % = Bi(f) T, ep(T) = g e(T) EF‘E";;OVG
. T2 7% Exercise 5: ‘Prove’ this.
 Mathematics: ¢(2) = i ((4) = op Either youknow the

20-Jul-17 trick or ...)
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* End result (for massless bosons)

1.202 (TT Exercise 6: Show this

0 Number density n(T) — > (handy pocket formula).
T

Use it to compute
density of 2.7 K

3
T =~

2

2

o Energy density e(T)="_ T photons.
30
i 5 Exercise 7: Make sure
_ - T s you know how to
N Pressure P(T) B 3 8(T) B 90 T ‘derive’ the 1/3 .

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

20-Jul-17 W.A. Zajc
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Counting Degrees of Freedom

1000000 -
100000 - 0QCD mass

* Hadronic phase o ™

Hadron 'level' diagram

2 Assume relevant ™ =
T << 500 Me\/ | : 000 == g
andf=3 (7,70 n") .-
» Quark-gluon phase T e

a Gluons: ndf =2, x 8, =1
o Quarks: ndf = (7/8) x 2, x 2, x 2, x 3. = 2
o Total  ndf =37

* Bottom line: ndfogp ~ 10 X Ndf grons

20-Jul-17 W.A. Zajc
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										Name		Mass		g		Spin		Baryon Number		Strangeness		Boltzman		Baryon Fugacity		Strangeness Fugacity		Weight		Sum		Norm*e^(m/Texp)		x		Integral

										Pion		139		3		0		0		0		0.9986109656		1		1		2.9958328968		2.9958328968		14.733601722		0.8527607362		-4.8834938889

										Charged Kaon		494		2		0		0		1		0.9950721817		1		1		1.9901443635		4.9859772603		2.897534129		3.0306748466		3.6158711946

										Neutral Kaon		498		2		0		0		1		0.9950323796		1		1		1.9900647593		6.9760420196		2.8985374226		3.0552147239		3.7069858766
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T

Hadron Gas Versus Quark-Gluon Plasma

P = 3%T4 Pressure of “pure” pion gas at temperature T

2

PQGP=g7r_T4'B9 g=37

90

Pressure in plasma phase with
“Bag constant” B ~ 0.2 GeV / fm?

Select system with higher pressure:

0.5
= Pjon Phase

= QGP Phase

0.25 4

Pressure
(GeV / fm3)

Pacpr

Exercise 8: Show this.

[ Phase transition at T ~ 144 MeV
with latent heat ~0.8 GeV / fm3

] 100

Temperature (MeV)

-0.25

Compare to (c. 2000) best estimates
(Karsch, QM01)
from lattice calculations:

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

vemi——)
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« Hagedorn (~1968) : An ultimate temperature?Hadron ‘lever diagram
« The very rapid increase of hadron levels with mass™” [mee——

« ~equivalent to an exponential level density \1°°° *

Mass p,®
(MeV) - f
dn 500 [— ‘
__ T :
p(m) = — ~ m* em/ T
dm _m
0
—m T 0 10 20 30 40
= 7/ ~ / (& / ,O(m) dm Density of States vs Energy
. L 250
m(—1_ _ 1
N/ m%e (TH T) dm 200 }
Number of 150 |
available
states 100 }
*
* And thus would imply an “Ultimate Temperature” (1) = *
T, ~ 170 MeV o La
Hagedorn, 0 500 1000 1500 2000
. S. Fraustchi, Phys.Rev.D3:2821-2834,1971 Mass (MeV)


http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+AUTHOR+FRAUTSCHI+AND+title+statistical
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										Eta		547		1		0		0		0		0.9945449332		1		1		0.9945449332		7.9705869528		2.9543350302		3.3558282209		4.9417792369

										f0		700		1		0		0		0		0.9930244429		1		1		0.9930244429		8.9636113957		3.6039458056		4.2944785276		10.8477249805

										rho		770		3		1		0		0		0.9923295691		1		1		8.9309661215		17.8945775172		4.1601312144		4.7239263804		15.1286796466

										omega		782		1		1		0		0		0.9922104967		1		1		2.97663149		20.8712090072		4.2749549764		4.7975460123		16.0002631344

										K* +/-		892		2		1		0		0		0.9911196652		1		1		5.946717991		26.8179269982		5.6563907954		5.472392638		26.447734805

										K* 0		896		2		1		0		0		0.9910800212		1		1		5.9464801271		32.7644071253		5.7196239275		5.4969325153		26.9264836258

										nucleon		940		2		0.5		1		0		0.9906440419		2		1		7.9251523352		40.6895594605		6.4884477063		5.7668711656		32.7528995183

										eta'		958		1		0		0		0		0.990465742		1		1		0.990465742		41.6800252025		6.8452094651		5.8773006135		35.4582938137

										f0		980		1		0		0		0		0.9902478635		1		1		0.9902478635		42.670273066		7.3184898609		6.0122699387		39.0463306413

										a0		980		3		0		0		0		0.9902478635		1		1		2.9707435906		45.6410166565		7.3184898609		6.0122699387		39.0463306413

										phi		1020		1		1		0		0		0.9898518436		1		1		2.9695555307		48.6105721873		8.2961103522		6.2576687117		46.4438030574

										Lambda		1116		1		0.5		1		-1		0.9889020418		2		1		3.9556081672		52.5661803545		11.4146671199		6.8466257669		69.7231089074

										h1		1170		1		1		0		0		0.9883681788		1		1		2.9651045365		55.531284891		13.7966913604		7.1779141104		86.9956378944

										Sigma		1190		3		0.5		1		-1		0.988170525		2		1		11.8580462997		67.3893311907		14.824474813		7.3006134969		94.2827250627

										Delta		1232		4		1.5		1		0		0.9877555805		2		1		31.6081785759		98.9975097666		17.2859071891		7.5582822086		111.2945749713

										b1		1235		3		1		0		0		0.9877259483		1		1		8.8895335345		107.8870433011		17.4789998059		7.5766871166		112.602042854

										a1		1260		3		1		0		0		0.9874790477		1		1		8.8873114289		116.7743547299		19.1873676908		7.7300613497		123.9942714293

										f2		1270		1		2		0		0		0.9873803047		1		1		4.9369015234		121.7112562534		19.923227945		7.7914110429		128.8033768581

										K1		1270		4		1		0		1		0.9873803047		1		1		11.8485636562		133.5598199096		19.923227945		7.7914110429		128.8033768581

										f1		1285		1		1		0		0		0.9872322087		1		1		2.9616966262		136.5215165358		21.0876038105		7.8834355828		136.2915637987

										eta		1295		1		0		0		0		0.9871334905		1		1		0.9871334905		137.5086500263		21.9064066151		7.9447852761		141.4679848549

										pi		1300		3		0		0		0		0.987084135		1		1		2.9612524051		140.4699024313		22.3291560842		7.9754601227		144.1116664322

										Cascade0		1315		1		0.5		1		-2		0.9869360835		2		1		3.947744334		144.4176467653		23.653251949		8.0674846626		152.2645743628

										Cascade-		1321		1		0.5		1		-2		0.9868768691		2		1		3.9475074765		148.3651542418		24.2072783167		8.1042944785		155.6186673391

										a2		1320		3		2		0		0		0.9868867379		1		1		14.803301069		163.1684553108		24.1139435164		8.0981595092		155.0559774821

										f0		1370		1		0		0		0		0.9863934179		1		1		0.9863934179		164.1548487287		29.3121380708		8.4049079755		184.9479303042

										Sigma		1385		3		1.5		1		-1		0.98624547		2		1		23.6698912797		187.8247400084		31.1046721979		8.4969325153		194.5811442915

										K1		1402		4		1		0		1		0.9860778225		1		1		11.8329338701		199.6576738785		33.2832268188		8.6012269939		205.832333307

										Lambda		1405		1		0.5		1		-1		0.9860482406		2		1		3.9441929625		203.601866841		33.6847743785		8.6196319018		207.8520471833

										K*		1410		4		1		0		1		0.9859989394		1		1		11.8319872733		215.4338541143		34.3658582301		8.6503067485		211.2396047758

										f2		1420		1		1		0		0		0.9859003445		1		1		2.9577010334		218.3915551477		35.7736564723		8.7116564417		218.0904171283

										omega		1420		1		1		0		0		0.9859003445		1		1		2.9577010334		221.3492561811		35.7736564723		8.7116564417		218.0904171283

										K*0		1430		2		0		0		1		0.9858017594		1		1		1.9716035187		223.3208596999		37.2446661914		8.773006135		225.0330705768

										K*2		1430		4		2		0		1		0.9858017594		1		1		19.7160351874		243.0368948873		37.2446661914		8.773006135		225.0330705768

										eta		1440		1		0		0		0		0.9857031841		1		1		0.9857031841		244.0225980714		38.7818529747		8.8343558282		232.0552420543

										N		1440		2		0.5		1		0		0.9857031841		2		1		7.885625473		251.9082235444		38.7818529747		8.8343558282		232.0552420543

										a0		1450		3		0		0		0		0.9856046187		1		1		2.9568138562		254.8650374006		40.3883264962		8.8957055215		239.1428513962

										rho		1450		3		1		0		0		0.9856046187		1		1		8.8704415686		263.7354789692		40.3883264962		8.8957055215		239.1428513962

										f0		1500		1		0		0		0		0.9851119396		1		1		0.9851119396		264.7205909088		49.5798552129		9.2024539877		274.9247766832
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Compare

Hadron Gas Versus Quark-Gluon Plasma

P = 3%T4 Pressure of “pure” pion gas at temperature T

2

PQGP=g7r_T4'B9 g=37

90

Pressure in plasma phase with
“Bag constant” B ~ 0.2 GeV / fm?

Select system with higher pressure:

0.5
== Pjon Phase

- QGP Phase

0.25 o

>Ssure
/ | fm®)

Pacpr

Exercise 8: Show this.

[ Phase transition at T ~ 144 MeV
with latent heat ~0.8 GeV / fm3

9 100

Temperature (MeV)

-0.25

Compare to (c. 2000) best estimates
(Karsch, QM01)
from lattice calculations:

T ~150-170 MeV
latent heat ~ 0.7+0.3 GeV / fm3VV

LA, Zajc
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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 {-fpacom=

10000

+ Ignores (strong!) interactions

100 -

10 ~

2 QGP side

+ 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 ~ 10" Flop

20-Jul-17 W.A. Zajc




« “Solve” the theory on a discrete
space-time lattice

* Requires massive
(parallel) computing:

Lattice QCD and the QCD equation of state:

Compute the equation of state by sampling fields with the statistical weight:
Zm/wm(%ww

The largest single computational project in human history!

36

Lattice QCD

See F. Karsch’s lectures

Slide from Derek Teaney’s
lecture this morning

W.A. Zajc


http://www.ccd.bnl.gov/visualization/gallery/qcd/
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More Recent Results

Finger-physics estimate:. @ = ———+—+++ e TNNNESESSSSN

16 [ non-nteracting _p,............. -
- | had quark g|u0n gas on-int. limit |
[ Phase transition at T ~ 144 MeV rosonance gas —
with latent heat ~0.8 GeV / fm3 2| —ll"—' "
Compare to (c. 2000) best estimates g b
(Karsch, QMO01)

from lattice calculations: pt
T~ 150-170 MeV

latent heat ~ 0.7+0.3 GeV / fm?3 0
3 130 170 210 250 290 330 370
* See F. Karsch's lectures , caavovetal (hotoco) i

Phys. Rev. D90 (2014) 094503 /

T, = 154 +/- 9 MeV

Latent heat = 0

20-Jul-17 W.A. Zajc


http://www.colorado.edu/physics/phys3070/phys3070_sp17/talks_temp/lgt2017_2f.pdf
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