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Three examples of computer simulations
of strongly interacting systems

1. Confinement problem in QCD

2. Interference of strong and electromagnetic
interactions in heavy ion collisions

A Head-On Gold-Gold Collision as seen by STAR

111

3. Graphene as quantum field theory




Experiment
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Theory
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Interactions — 1. Gravity




Interactions — 2. Weak




Interactions — 3. Electromagnetism
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Interactions — 4. Strong
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Main problems of strong interaction
theory, QCD

Derive from QCD Lagrangian
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(1) Hadron spectrum,

(2) Matrix elements,

(3) Phase diagram

(4) Explain color confinement
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Three Generations of Matter

http://www.claymath.org/millennium/Yang-Mills Theory/ (1 000 000 $US)



http://www.claymath.org/millennium/Yang-Mills_Theory/
http://www.claymath.org/millennium/Yang-Mills_Theory/
http://www.claymath.org/millennium/Yang-Mills_Theory/

Color confinement

(Why we do not observe free quarks and gluons?)

The main difficulty is the absence of first-principle nonperturbative methods in
QCD. Computers can prove confinement “numerically”

Force between
quark and
antiquark is12
tons!!!

http://www.claymath.org/millennium



Quantum mechanics of a particle

X5

The weight of each trajectory is els



Quantum field theory
A, (xX)=A, (XY, 1)

—0 < A, (X) <40

z=[]]--J]][oA.00 &



Methods

* Imaginary time t—it
Z = [ Dp exp{i S[p]} —> Z = [ Do exp{-S[¢]}
« Space-time discretization l

Dp()=[]do, Z=| [ 1do. exp{-Siol}

* Thus we get from functional integral the partition
function for statistical theory in four dimensions



INTRODUCTION

Three limits
< L >
Lattice spacing a— 0
1a | attice size L > o
Quark mass m, — 0
Typical values
a~0.1fm Extrapolation
L~2+4 fm ‘ T
m, = 100 Mev Chiral pﬂe}rturbatlon
eory




Typical multiplicity of integrals

For lattice L?
(L=48, L4=5,308,416)

@ Te multiplicity of integralsover gluon
fields is 32L4 (L=48, 321.4=169,869,312)

@ For quark fields we work with matrices
12L4 x 12L% (L=48, 12L4=63,700,992)

jdw dy exp{yMy} = det M



SU(2) glue

The force between quark and antiquark is 12 tons!!!




SU(2) glue

AP-SU(2) FLUX-TUBE PROFILE
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SU(3) glue

hree body forces!

V(rp Iy, rs) ¢V(r1 B rz) "‘V(rz B rs) "‘V(rs B rl)
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The origine of the mass







10-10 m

m_= 0.5
MeV



10-14-15







Masses of material objects is due to gluon
flelds inside baryon




SU(3) glue

ree body forces! T

Figure 9: The monopole part of the baryon potential at finite temperature in full QCD
as a function of Ly (1" < 1) and La (T > T.), respectively, in units of (ad knows what.

In Fig. 9 we show the baryon potential on the 16% 8 lattice at 3 = 5.2 for several
values of k. At this # value
T o exp(—2.81/k). (4.1)
[ncreasing & thus increases the temperature. We cross the finite temperature phase
transition at & = 0.1344 [14]. We see that the potential flattens off while we approach
the transition point. However, the distances we were able to probe are not large
enough to make any statement about string breaking.
To compute the action density p“ﬁ and the electrie field and monopole correlators
29 and k%9, respectivel

Polyakov loops span an area of &= 16 x 8 lattice spacings. We do that by using

. we need to reduce the statistical noise. Note that the

extended operators

1 10

. 1. . . . .. : . .
p;@[.\}*,\E{p_l"fwﬁ»p_l”f.k7.‘('71}7:I«I»pff"’(af:rfy]
+ /J'f;".“(x —F—Z)+ p_‘{‘g(« —g—Z)+ p';Q[n- — ) (4.2)
+ s =i+ (s = 2)),
. 1 . -
EP(s) ——{ER(s)+ E%(s — & — 1)
Ps) = ES ) + B )
+ERs— 3+ E
‘ - . R
E-"*’(‘.\;;]—);{A"*’f‘.w,;n.H»l.*"")(*t.a—:}.m}. (4.4)

where (again) we have assumed that the quarks lie in the (x.y) plane, and we call

the direction of the Polyakov lines the t direction.

—11 =



SU(3) glue

Usually the teams are rather big, 5 - 10 -15 people
arXiv:hep-lat/0401026v1 arXiv:hep-lat/0401026v2
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Figure 9: The monopole part of the baryvon potential at finite temper

as a function of Ly (T < T.) and La (T > 1.}, respectivelyfun units of (God knows what.

In Fig. 9 we show the baryon potential on the 167 8 lattice at 3 = 5.2 for several

values of 5. At this 4 value



29QCD
String Breaking (DiK collaboration)




2qQCD (2+1)QCD

Hadron Mass Spectrum



2qQCD (2+1)QCD

Meson Summary Table :

Baryon Summary Table

This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in
the short table are not established as baryons. The names with masses are of baryons that decay strongly. For N, A, and = resonances, the

See also the table of suggested gg quark-model assignments in the Quark Model section
« Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established
1 Indicates that the value of J given is preferred, but needs confirmation.

LIGHT UNFLAVORED STRANGE BOTTOM partial wave is indicated by the symbol Lz »;, where L is the orbital angular momuntum (S, P. D, ...), I is the isospin, and J is the total
- f(cs) =c48=0) p— (§=+1,C= B; ;,f; (B= .:.1)’3““) angular momentum. For A and I resonances, the symbol is Ly ay.
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Y. Kuramashi Lattice 2007

lwasaki gauge action +
clover quarks

a-1) = 2.2GeV,
lattice size: 32*3 x 64
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2qQCD (2+1)QCD

Wilson non-perturbatively improved Fermions
“WORKING HORSE” of lattice QCD calculations
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Heavy lons Collisions
and Quark- Gluon
Plasma









Phase diagram of QCD
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The closer our calculations to
nature the more complicated
they are

2 dimensional gluodynamics
(no dynamical quarks)
can be solved analytically



The closer our calculations to
nature the more complicated
they are

4 dimensional gluodynamics (no dynamical
quarks) can be “solved” on laptop




The closer our calculations to
nature the more complicated
they are

4 dimensional QCD (with dynamical quarks)
needs 100-100000 times more CPU time than




The closer our calculations to
nature the more complicated

they are

We do not know how to solve 4 dimensional
QCD (with dynamical quarks) at finite

O
2 JQ
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Critical temperature OE[C1a=

Transition temperature from a variety of studies

171 1T
FILLED: staggered type, N,

EMPTY: Wilson type, N

[
=2+1
2

BNL-RBC-Bielefeld

MILC —— &

5 QCDSE-DIK
HotQCD H@H

]
WB i i
o

T

I

125 150 175 200 225
T, [MeV]

L. Levkova; Talk at Lattice 2011

250

> Staggered types, Ny =2+ 1: p4, asq-
tad, HISQ, stout — already introduced.
Data from only chiral type observables.

» Wilson types, NV =

> QCDSF-DIK [arXiv:0910.2392], clover + plaque-
tte, N; =8-14

> WHOT-QCD  [arXiv:0909.2121], clover +

lwasaki, N, =4 — 6
> Brandt et al. [arXiv:1011.6172], clover, N; = 16

> tmfT (Florian Burger talk), mtmWilson + tree-
level Symazik, N; =8 — 12

» DWF (HotQCD) [ = 2+ L:+lwasaki,

Ny =8, Lg=32—-96
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vacuum nuclear matter neutron star cores
U~ 922 MeV

A Head-On Gold-Gold Collision as seen by STAR

Charged Particle
Trajectories




AMS 2005, Tampa meeting

created matter at a temperature of about 4 trillion degrees Celsius —
the hottest temperature ever reached in a laboratory, about 250,000
times hotter than the center of the Sun

using a giant atom smasher said on they have created a new state of matter - a hot, dense liquid made out of basic atomic particles
- and said it shows what the early universe looked like for a very, very brief ime.

"We think we are looking at a phenomenon ... in the universe 13 billion years ago when free quarks and gluons ... cooled down to
the particles that we know today," Aronson told a news conference carried by telephone from a meeting of the American Physical
Society in Tampa, Fla.

Liquid, not a gas

The quark-gluon plasma was made in the Relativistic Heavy lon Collider — a powerful atom smasher at Brookhaven National
Laboratory in Upton, N.Y. Unexpectedly, the quark-gluon plasma behaved like a perfect liquid of quarks, instead of a gas, the
physicists said.

Evidence of 5-th state of matter in heavy ions collisions

. Thermalisation

. Elliptic flow

. Jets quenching

. Spectrum of photons

. Share viscosity eta/s and hydrodynamic approach
. Lattice calculations vs experiment

O OWON--



when they are in local thermal equilibrium. Macroscopic currents in one
region of the plasma can interact magnetically with other currents in other
regions, over tremendous distance scales, creating complicated structures
like Fig. 1. Non-Abelian plasmas, however, are somewhat different. From
theoretical studies of the equilibrium properties of such plasmas, we know
that the non-Abelian interactions cause magnetic confinement over dis-
tances of order 1/(¢*T). It is reasonable to assume that, even dynamically,
color magnetic fields cannot exists on distance scales larger than the con-
finement length. So, unlike traditional electromagnetic plasmas, there are
no large-distance magnetic fields. As far as the color degrees of freedom
are concerned, the long-distance effective theory of a non-Abelian plasma
is hydrodynamics rather than magneto-hydrodynamics.

Figure 1. Image of a solar coronal filament from NASA’s TRACE satellite, from
(http://antwrp.gsfc.nasa.gov/apod/ap000809.html).

QUARK-GLUON
PLASMA
THERMALIZATION
AND PLASMA
INSTABILITIES
PETER ARNOLD

arXiv:hep-ph/0409002v1



http://arxiv.org/abs/hep-ph/0409002v1

QGP is the thermalized strongly correlated liquid

Collision time is very short and how thermalization occurs it is a question




Below | use a lot of slides made
by
M.N. Chernodub,
P.V. Buividovich and
D.E. Kharzeev



Magnetic fields in non-central collisions
[Fukushima, Kharzeev, Warringa, McLerran '07-'08]

Reaction
plane

(WR)\

Heavy ion

X (defines ¥y)

Quarks and gluons
Heavy ion




Magnetic fields in non-central collisions
[Fukushima, Kharzeev, Warringa, McLerran '07-'08]

Reaction
plane

(\PR)\

X (defines ¥y)

[1] K. Fukushima, D. E. Kharzeev, and H. J. Warringa, Phys. Rev. D 78, 074033 (2008),
URL http://arxiv.org/abs/0808.3382.

[2] D. Kharzeev, R. D. Pisarski, and M. H. G.Tytgat, Phys. Rev. Lett. 81, 512 (1998),

URL http://arxiv.org/abs/hep-ph/9804221.

[3] D. Kharzeev, Phys. Lett. B 633, 260 (2006), URL http://arxiv.org/abs/hep-ph/0406125.
[4] D. E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nucl. Phys. A 803, 227 (2008),
URL http://arxiv.org/abs/0711.0950.



Magnetic fields in non-centralZ@pllisions

Reaction
plane

(\PR)\

" Charge is large
Velosity is high

Thus we have
two very big
currents

X (defines ¥y)
The medium is fi by electrically charged particles
Large orbital momentum, perpendicular to the reaction plane

Large magnetic field along the direction of the orbital momentum



Magnetic fields in llisions
oz
Reaction Two very big
plane currents

”’H)\ produce a very

gkl

big magnetic
field

X (defines ¥y)
The medium is fi by electrically charged particles
Large orbital momentum, perpendicular to the reaction plane

Large magnetic field along the direction of the orbital momentum



Comparlson of magnetic fields

D.Kharzeev
The Earths magnetic field 0.6 Gauss

A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

The strongest man-made fields 107 Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss

http://sclomon.as.utexas.edu/~duncan/magnetar.html

Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(t=02fm) = 10°~10" MeV” ~10" Gauss




Magnetic forces are of the order of
strong interaction forces

first time in my life | see such effect

2
eB ~ Aocp

We expect the influence of magnetic field on
strong interaction physics
The effects are nonperturbative,
it is impossible to perform analytic calculations
and we use

L_attice Calculations



Virtual quark loops are
absent (quenching)

/: F:]’YH’GMV

External quark

Virtual gluon

We calculate <y 'y >; F=1,7ﬂ,0'ﬂv

in the external magnetic field and in the
presence of the vacuum gluon fields

H external magnetic field

> W




Chiral Magnetic Effect

[Fukushima, Kharzeev, Warringa, McLerran '07-'08]

Electric current appears at regions
1. with non-zero topological charge density
2. exposed to external magnetic field

Experimentally observed at RHIC
charge asymmetry of produced particles at heavy ion
collisions



Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa, McLerran

1. Massless quarks in external magnetic field.

Red: momentum Blue: spin

B @
! Reaction z /

plane
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X (defines ¥y)



Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa,

McLerran
3. Electric current is along

magnetic field
In the instanton field

A Red: momentum
N @ Blue: spin
@ Effect of topology:
) (4 -
u-quark: q=+2/3
1 | 2 |

5 d-quark: g=-1/3



Magnetic fields in llisions
_ z f :
Reaction Two very big
plane currents

produce a very

)N\

big magnetic
field

X (defines '¥y)
The medium is fi y electricall € )articles
Large orbital momentum, perpen | == e reaction plane

Large magnetic field along the directior o1 uie orbital momentum



Chiral Magnetic Effect on the Iattice,
charge separation

Density of the electric charge vs. magnetic field




Chiral Magnetic Effect on the lattice,
Non-zero field, subsequent time slices

Electric charge density




Chiral Magnetic Effect,
EXPERIMENT VS LATTICE DATA (Au+Au)

Lattice data —e— E
25 | STAR data (prelim.) &
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Preliminary results:
conductivity of the vacuum

Qualitative definition of conductivity ¢
<],(x)],(y) >=C+A-exp{-m|x—y |}

oo C



Preliminary results:
conductivity of the vacuum

Conductivity at T>0
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https://graphene-supermarket.com/home.php

ALL US: (516)-382-8649 ® Contact Us * Services * Submit order

GRAPHENE * Home * Shopping Cart
SUPERMARKET

| |I| Username Password E| Register

Advan rch

Categories

New Products
Kish Graphite

Graphene Wafers:
CVDgraphene

Graphene
Nanopowder

Graphene Oxide
Graphene TEM grids
Wafers

Accessories
Graphene Value Kits

"M\ GRAPHENE New

1% PERMARKET ™ Products
- Available

Graphene Solutions

Featured products

Single Layer Graphene on Copper foil: Graphene Nanopowder: 8 nm Flakes- Q-graphene: 1 gram
4"x2" 5g




https://graphene-supermarket.com/home.php

Our price: $450.00 Our price: $99.00

Quantity 1 Quantity 1

Reduced Graphene Oxide: 60 mg, Dry Trial pack: 10 CVDGraphene TEM
Nanopowder Grids

Our price: $175.00 Qur price: $175.00

Quantity 1 Quantity 1

“ouy Now |

Our price: $100.00

Quantity 1

Graphene Oxide Paper

Our price: $300.00

Quantity 1
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a, > ag”t =1.11+0.06 Pure graphene is the insulator!



Relativistic particle E =/m%c* + p2c?
Massless particle E =cp

Graphene E=v_p; V. =—;
P £ P =300

a, = 300 =2.16>1

a, > a;”t =1.11+0.06 Pure graphene is the insulator!

2
[If we put graphene on a substrate we can get conductor: a, = 1—ag }
e
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graphene

substrate 2
if —a, >a
1+ ¢

crit
g

(=1.11) graphene is the conductor

We can numerically simulate conductor — insulator phase transition!



Magnetic Field
and Graphene



graphene

substrate

Graphene changes its properties when an external magnetic field
is applied, we can numerically simulate all that



Trajectory of the magnetic head graphene

Ferromagnetic substrate magnetic head

Along the trajectory of the magnetic head graphene becomes
the conductor!

We can draw (construct) chips! All that we can simulate on
computers



non-zero temperature
Wesley Armour®, Simon Hands’, and Costes Strouthos®

arXiv:1105,1043v1 [cond-mat str-el] 5 May 2011

Monte Carlo simulation of monolayer graphene at
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Graphene has relations with many theoretical problems

Insulator — Conductor Confinement - Deconfinement




Computer simulations help to unify physical systems



Computer simulations help to unify physical systems

QCD confinement problems
Quark-Gluon plasma in heavy ion collisions
Graphene
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Computer simulations help to unify physical systems

ELEMENTARY
PARTICLES

M o neutring

W)
S
<),

"
R
©

U
Q
W
)
o

L

I IO I

Three Generations of Matter

QCD confinement problems

Quark-Gluon plasma in heavy ion collisions
Graphene
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