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Paradigm Shifts

e Phrase popularized by Thomas Kuhn,
philosopher of physics, in his famous book
The Structure of Scientific Revolutions

(The Structure of Scientific Revolutions is the
single most widely cited book in the social sciences)

e science does not progress via a
linear accumulation of new knowledge,
but undergoes occasional "paradigm shifts" F ] A
iIn which the nature of scientific inquiry within a particular fleld IS
abru ptly transformed (paraphrasmg https://en.wikipedia.org/wiki/Thomas_Kuhn )
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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 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 liguid.

"Once again, the physics research sponsored by the Department of Energy is
producing historic results," said Secretary of Energy Samuel Bodman, a trained
chemical engineer. "The DOE is the principal federal funder of basic research in
the physical sciences, including nuclear and high-energy physics. With today's
announcement we see that investment paying off."

“The truly stunning finding at RHIC that the new state of matter created in the
collisions of gold ions is more like a liquid than a gas gives us a profound insight
into the earliest moments of the universe," said Dr. Raymond L. Orbach, Director
of the DOE Office of Science.

Also of great interest to many following progress at RHIC is the emerging
connection between the collider’s results and calculations using the methods of
string theory, an approach that attempts to explain fundamental properties of the
universe using 10 dimensions instead of the usual three spatial dimensions plus
time.

Secretary of Energy Samuel Bodman

“The possibility of a connection between
string theory and RHIC collisions is
unexpected and exhilarating," Dr. Orbach
said. "String theory seeks to unify the two
great intellectual achievements of
twentieth-century physics, general
relativity and quantum mechanics, and it
may well have a profound impact on the
physics of the twenty-first century.”

The papers, which the four RHIC
collaborations (BRAHMS, PHENIX,
PHOBOS, and STAR) have been working
on for nearly a year, will be published
simultaneously by the journal Nuclear
Physics A, and will also be compiled in a
special Brookhaven report, the Lab Dr. Raymond L. Orbach
announced at the April 2005 meeting of

the American Physical Society in Tampa, Florida.

These summaries indicate that some of the observations at RHIC fit with the theoretical predictions for a quark-gluon
plasma (QGP), the type of matter postulated to have existed just microseconds after the Big Bang. Indeed, many
theorists have concluded that RHIC has already demonstrated the creation of quark-gluon plasma. However, all four
collaborations note that there are between the data and early based on
simple models of quark-gluon plasma formation.
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"We know that we've reached the temperature [up to 150,000 times hotter than
the center of the sun] and energy density [energy per unit volume] predicted to be
necessary for forming such a plasma,” said Sam Aronson, Brookhaven's
Associate Laboratory Director for High Energy and Nuclear Physics. But analysis
of RHIC data from the start of operations in June 2000 through the 2003 physics
run reveals that the matter formed in RHIC's head-on collisions of gold ions is
more like a liquid than a gas.

That evidence comes from measurements of unexpected patterns in the
trajectories taken by the thousands of particles produced in individual collisions.
These measurements indicate that the primordial particles produced in the
collisions tend to move collectively in response to variations of pressure across
the volume formed by the colliding nuclei. Scientists refer to this phenomenon as
“flow," since it is analogous to the properties of fluid motion.

However, unlike ordinary liquids, in which individual molecules move about
randomly, the hot matter formed at RHIC seems to move in a pattern that exhibits
a high degree of coordination among the particles — somewhat like a school of
fish that responds as one entity while moving through a changing environment.

Sam Aronson

"This is fluid motion that is nearly ‘perfect, Aronson said, meaning it can be explained by equations of hydrodynamics.
These equations were developed to describe theoretically "perfect” fluids — those with extremely low viscosity and the
ability to reach thermal equilibrium very rapidly due to the high degree of interaction among the particles. While RHIC
scientists don't have a direct measure of viscosity, they can infer from the flow pattern that, qualitatively, the viscosity is
very low, approaching the quantum mechanical limit.

Together, these facts present a compelling case: *In fact, the degree of collective interaction, rapid thermalization, and
extremely low viscosity of the matter being formed at RHIC make this the most nearly perfect liquid ever observed,"
Aronson said.

[+ENCARGE | These images contrast the degree of interaction and collective motion, or “flow,” among quarks in the predicted
gaseous quark-gluon plasma state (Figure A, see mpeq animation) vs. the liquid state that has been observed in gold-gold collisions
at RHIC (Figure B, see mpeq animation). The green “force lines and collective motion (visible on the animated version only) show
the much higher degree of interaction and flow among the quarks in what is now being described as a neariy "perfect” iquid. (Click
images for larger version.) An updated video comparing the expected gas with the observed "perfect” liquid is available.

In results reported earlier, other measurements at RHIC have shown "jets" of high-energy quarks and gluons being
dramatically slowed down as they traverse the hot fireball produced in the collisions. This "jet quenching" demonstrates
that the energy density in this new form of matter is extraordinarily high — much higher than can be explained by a
medium consisting of ordinary nuclear matter.

“The current findings don't rule out the possibility that this new state of matter is in fact a form of the quark-gluon plasma,
just different from what had been theorized," Aronson said. Many scientists believe this to be the case, and detailed
measurements are now under way at RHIC to resolve this question

Theoretical physicists, whose standard calculations cannot incorporate the strong
coupling observed between the quarks and gluons at RHIC, are also revisiting
some of their early models and predictions. To try to address these issues, they
are running massive numerical simulations on some of the world's most powerful
Others are ing to it i measures of
viscosity into the equations of motion for fluid moving at nearly the speed of light.
One subset of calculations uses the methods of string theory to predict the
viscosity of the liquid being created at RHIC and to explain some of the other
surprising findings. Such studies will provide a more quantitative understanding of

how "nearly perfect" the liquid is. See an updated version of the "perfect”
liquid animation.

The unexpected findings also introduce a wide range of opportunity for new
scientific discovery regarding the properties of matter at extremes of temperature and density previously inaccessible in a
laboratory.

"The finding of a nearly perfect liquid in a laboratory experiment recreating the conditions believed to have existed a few
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RHIC = Relativistic Heavy lon Collider
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1983 Long Range Plan for Nuclear Physics

e ...a spectacular transition to a new phase of matter,
a quark-gluon plasma, may occur...

It is the opinion of this Committee that the United States
should proceed with the planning for the construction of
this relativistic heavy ion collider facility expeditiously, and
we see it as the highest priority new scientific opportunity
within the purview of our science.



Theoretical Guidance

e 1983: “an extended
quark-gluon plasma within
which the quarks are
deconfined and move
independently”

PHASE DIAGRAM OF NUCLEAR MATTER
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Fig. 11.9-A. Expected phases of nuclear matter at various
temperatures and baryon (or nucleon) densities, showing the
““hadronic phase’” including a gas-liquid phase transition region, and
the transition region to deconfined quarks and gluons. The dashed
lines illustrate trajectories in this phase diagram that can be explored
in ultra-relativistic heavy ion collisions.
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Expectations circa 2000

RHIC would create
a quark-gluon plasma;
a 'gas”
of weakly coupled

density (kg/m 3)



http://www.lbl.gov/abc/wallchart/

But - The Quark-Gluon Plasma is Not a of “Partons”

e Prejudice circa 2000: e Discovery circa 2005
» Protons and neutrons » The quark-gluon plasma
would ‘sublimate’ to a gas is a nearly perfect liquid
of quarks and gluons » Something like regular

» Much like dry ice ice to water
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RHIC’s Experiments
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Subtle Experimental Technique

Collide the heaviest nuclei at the h'ighest energies

W.A. Zajc



2000 CERN Press Release

| New State of Matter creatc X
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New State of Matter created at CERN Contact press office

press.office@cern.ch
10 Feb 2000 +41 (0)22 767 34 32
+41 (0)22 767 21 41
+41 (0)22 767 41 01

CERN people: sign in for
more resources

Sign in to see more resources for
CERN people

Follow CERN
Twitter
CERN TV

At a special seminar on 10 February, spokespersons from the experiments on CERN* 's Heavy Ion Quantum diaries blog

1 f ks
ymme presented compelling evidence fo e existence o ew state of matte which quark

roam freely Resources
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RHIC’s First Two Major Discoveries

e Discovery of s
strong “elliptic” flow: i b

» Elliptic flow in Au + Au collisions at e . SR SRS
Vsyn= 130 GeV, Eoah 3
STAR Collaboration, Y E
(K.H. Ackermann et al.). ,,'025_ - 3
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The Basic Results

EVIDENCE FOR ADENSE LIQUID

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jetquenching implies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

In a collision of protons, hard
scattering of two quarks produces
back-to-back jets of particles.

Inthe dense quark- N Y WYY

Jet of particles

gluon medium, the jets 00 0200

are quenched, like
bullets fired into water, da—a
and on average only N
single jets emerge.

Quark-gluon
medium

Off-center collisions
between gold nuclei
produce an elliptical
region of quark-
gluon medium.

The pressure gradients
inthe elliptical region
cause it to explode
outward, mostly in

the plane of the
collision (arrows).

Fragment of
gold nucleus

gluon medium
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Quark Matter

Oakland — January 11-17

e New York
Times article
by
Jim Glanz
emphasizing
“reluctance”’
to announce
QGP
discovery

Like Particles, 2 Houses of Physics Collide

By JAMES GLANZ
Published: January 20, 2004

OAKLAND, Calif., Jan. 14— MARCELLUS What, has this thing i Facesook

appear'd again to-night? W TWITTER
BARNARDO I have seen nothing. M coooLe
E EMAIL
-- "Hamlet," Act I, Scene 1
SHARE
A bland and bulky conference center in this city's fogbound & PRINT
downtown was transformed in recent days into the Elsinore of B RePRINTS

particle physics. The ghost that continually appeared, disappeared

and appeared again during a scientific meeting was not the shade of a FAR ¥rOM THE
MADDING CROWD

murdered king but a puff of primordial matter with an otherworldly
name: the quark-gluon plasma.

This drama, like the original, involved not only a clash of great forces but also what some
saw as betrayal and a measure of revenge. It drew in a pair of renowned laboratories -- two
great houses of physics -- that have avidly pursued what may be among the most
important discoveries in science.

Most of all, the meeting was a forum for one of those institutions, Brookhaven National
Laboratory, to play Hamlet, earnestly raising doubt after doubt about the meaning of its
own data: the laboratory's scientists refused to acknowledge that they had created the
plasma, even though it would be hard to find a physicist anywhere who seriously argued
that the lab had blundered and failed in its quest.

W.A. Zajc




From That Article

e ...the CERN announcement
"added more confusion than light to the story”

» RHIC scientist



From That Article

e ...the CERN announcement
"added more confusion than light to the story”

» RHIC scientist

e They (BNL) were just starting a half-billion-dollar operation and
we (CERN) are saying: “Bye-bye. We have stolen your child”

» Senior CERN scientist
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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 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 liguid.

"Once again, the physics research sponsored by the Department of Energy is
producing historic results," said Secretary of Energy Samuel Bodman, a trained
chemical engineer. "The DOE is the principal federal funder of basic research in
the physical sciences, including nuclear and high-energy physics. With today's
announcement we see that investment paying off."

“The truly stunning finding at RHIC that the new state of matter created in the
collisions of gold ions is more like a liquid than a gas gives us a profound insight
into the earliest moments of the universe," said Dr. Raymond L. Orbach, Director
of the DOE Office of Science.

Also of great interest to many following progress at RHIC is the emerging
connection between the collider’s results and calculations using the methods of
string theory, an approach that attempts to explain fundamental properties of the
universe using 10 dimensions instead of the usual three spatial dimensions plus
time.

Secretary of Energy Samuel Bodman

“The possibility of a connection between
string theory and RHIC collisions is
unexpected and exhilarating," Dr. Orbach
said. "String theory seeks to unify the two
great intellectual achievements of
twentieth-century physics, general
relativity and quantum mechanics, and it
may well have a profound impact on the
physics of the twenty-first century.”

The papers, which the four RHIC
collaborations (BRAHMS, PHENIX,
PHOBOS, and STAR) have been working
on for nearly a year, will be published
simultaneously by the journal Nuclear
Physics A, and will also be compiled in a
special Brookhaven report, the Lab Dr. Raymond L. Orbach
announced at the April 2005 meeting of

the American Physical Society in Tampa, Florida.

These summaries indicate that some of the observations at RHIC fit with the theoretical predictions for a quark-gluon
plasma (QGP), the type of matter postulated to have existed just microseconds after the Big Bang. Indeed, many
theorists have concluded that RHIC has already demonstrated the creation of quark-gluon plasma. However, all four
collaborations note that there are between the data and early based on
simple models of quark-gluon plasma formation.
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A Tale of Two Colliders, One Thesis,
Two Awards—and a Physics Mystery

"We know that we've reached the temperature [up to 150,000 times hotter than
the center of the sun] and energy density [energy per unit volume] predicted to be
necessary for forming such a plasma,” said Sam Aronson, Brookhaven's
Associate Laboratory Director for High Energy and Nuclear Physics. But analysis
of RHIC data from the start of operations in June 2000 through the 2003 physics
run reveals that the matter formed in RHIC's head-on collisions of gold ions is
more like a liquid than a gas.

That evidence comes from measurements of unexpected patterns in the
trajectories taken by the thousands of particles produced in individual collisions.
These measurements indicate that the primordial particles produced in the
collisions tend to move collectively in response to variations of pressure across
the volume formed by the colliding nuclei. Scientists refer to this phenomenon as
“flow," since it is analogous to the properties of fluid motion.

However, unlike ordinary liquids, in which individual molecules move about
randomly, the hot matter formed at RHIC seems to move in a pattern that exhibits
a high degree of coordination among the particles — somewhat like a school of
fish that responds as one entity while moving through a changing environment.

Sam Aronson

"This is fluid motion that is nearly ‘perfect, Aronson said, meaning it can be explained by equations of hydrodynamics.
These equations were developed to describe theoretically "perfect” fluids — those with extremely low viscosity and the
ability to reach thermal equilibrium very rapidly due to the high degree of interaction among the particles. While RHIC
scientists don't have a direct measure of viscosity, they can infer from the flow pattern that, qualitatively, the viscosity is
very low, approaching the quantum mechanical limit.

Together, these facts present a compelling case: *In fact, the degree of collective interaction, rapid thermalization, and
extremely low viscosity of the matter being formed at RHIC make this the most nearly perfect liquid ever observed,"
Aronson said.

[+ENCARGE | These images contrast the degree of interaction and collective motion, or “flow,” among quarks in the predicted
gaseous quark-gluon plasma state (Figure A, see mpeq animation) vs. the liquid state that has been observed in gold-gold collisions
at RHIC (Figure B, see mpeq animation). The green “force lines and collective motion (visible on the animated version only) show
the much higher degree of interaction and flow among the quarks in what is now being described as a neariy "perfect” iquid. (Click
images for larger version.) An updated video comparing the expected gas with the observed "perfect” liquid is available.

In results reported earlier, other measurements at RHIC have shown "jets" of high-energy quarks and gluons being
dramatically slowed down as they traverse the hot fireball produced in the collisions. This "jet quenching" demonstrates
that the energy density in this new form of matter is extraordinarily high — much higher than can be explained by a
medium consisting of ordinary nuclear matter.

“The current findings don't rule out the possibility that this new state of matter is in fact a form of the quark-gluon plasma,
just different from what had been theorized," Aronson said. Many scientists believe this to be the case, and detailed
measurements are now under way at RHIC to resolve this question

Theoretical physicists, whose standard calculations cannot incorporate the strong
coupling observed between the quarks and gluons at RHIC, are also revisiting
some of their early models and predictions. To try to address these issues, they
are running massive numerical simulations on some of the world's most powerful
Others are ing to it i measures of
viscosity into the equations of motion for fluid moving at nearly the speed of light.
One subset of calculations uses the methods of string theory to predict the
viscosity of the liquid being created at RHIC and to explain some of the other
surprising findings. Such studies will provide a more quantitative understanding of

how "nearly perfect" the liquid is. See an updated version of the "perfect”
liquid animation.

The unexpected findings also introduce a wide range of opportunity for new
scientific discovery regarding the properties of matter at extremes of temperature and density previously inaccessible in a
laboratory.

"The finding of a nearly perfect liquid in a laboratory experiment recreating the conditions believed to have existed a few

W.A. Zaic



RHIC Scientists Serve Up ‘Perfect’ 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 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.

... 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 liguid.

W.A. Zajc



The Papers

e Quark gluon plasma and color glass condensate at RHIC? The Perspective from the
BRAHMS experiment,
Nucl.Phys. A757 (2005) 1-27, nucl-ex/0410020

e Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC:
Experimental evaluation by the PHENIX collaboration,
Nucl.Phys. A757 (2005) 184-283, nucl-ex/0410003

e The PHOBOS perspective on discoveries at RHIC,
Nucl.Phys. A757 (2005) 28-101, nucl-ex/0410022

e Experimental and theoretical challenges in the search for the quark gluon plasma: The
STAR Collaboration's critical assessment of the evidence from RHIC collisions,

Nucl.Phys. A757 (2005) 102-183, nucl-ex/0501009

W.A. Zajc


http://arxiv.org/abs/nucl-ex/0410020
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http://arxiv.org/abs/nucl-ex/0501009

From the Press Release

e Once again, the physics research sponsored by the
Department of Energy is producing historic results
» Samuel Bodman, Secretary of Energy

e In fact, the degree of collective interaction, rapid thermalization,
and extremely low viscosity of the matter being formed at RHIC
make this the most nearly perfect liquid ever observed...The
current findings don't rule out the possibility that this new state
of matter is in fact a form of the quark-gluon plasma, just
different from what had been theorized.

» Sam Aronson, Associate Laboratory Director for High Energy and
Nuclear Physics

e The possibility of a connection between string theory and
RHIC coallisions is unexpected and exhilarating.

» Raymond L. Orbach, Director of the DOE Office of Science

W.A. Zajc
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» Samuel Bodman, Secretary of Energy
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make this the most nearly perfect liquid ever observed...The
current findings don't rule out the possibility that this new state
of matter is in fact a form of the quark-gluon plasma, just
different from what had been theorized.

» Sam Aronson, Associate Laboratory Director for High Energy and
Nuclear Physics

e The possibility of a connection between string theory and
RHIC coallisions is unexpected and exhilarating.

» Raymond L. Orbach, Director of the DOE Office of Science
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Addressing the nature of QGP discovery

e From the
PHENIX

“White Paper”
e nucl-ex/0410003

e (3302 citations)

Q: What is the most
relevant
‘experimentally

observed property™?

A. Viscosity
(suitably normalized)

so that concepts such as temperature, chemical potential and flow velocity
apply and the system can be characterized by an experimentally determined
equation of state. Additionally, experiments eventually should be able to de-
termine the physical characteristics of the transition, for example the critical
temperature, the order of the phase transition, and the speed of sound along
with the nature of the underlying quasi-particles. While at (currently unob-
tainable) very high temperatures 7' > T, the quark-gluon plasma may act as
a weakly interacting gas of quarks and gluons, in the transition region near 7T,
the fundamental degrees of freedom may be considerably more complex. It is
therefore appropriate to argue that the quark-gluon plasma must be defined in
terms of its unique properties at a given temperature. To date the definition is
provided by lattice QCD calculations. Ultimately we would expect to validate
this by characterizing the quark-gluon plasma in terms of its experimentally
observed properties. However, the real discoveries will be of the fascinating
properties of high temperature nuclear matter, and not the naming of that
matter.

1.2 FEzxperimental Program

The theoretical discussion of the nature of hadronic matter at extreme densi-
ties has been greatly stimulated by the realization that such conditions could
be studied via relativistic heavy ion collisions [32]. Early investigations at the
Berkeley Bevalac (c. 1975-1985), the BNL AGS (c. 1987-1995) and the CERN
SPS (c. 1987—present) have reached their culmination with the commissioning
of BNL’s Relativistic Heavy Ion Collider (RHIC), a dedicated facility for the
study of nuclear collisions at ultra-relativistic energies [33].

W.A. Zajc
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Perfection €=» (No) Viscosity

e Isotropic in rest frame F ov |

=» No shear stress —=-n— -
=» no viscosity, n=0 > _
e Primer: —

» Remove your organic prejudices
» Viscosity ~ mean free path

_ Exercise:
n~np )“mfp Check that this
has correct
dimensions.

» Small viscosity = Small Mnfp

» Zero viscosity = Anfp =0 ()

W.A. Zajc



Small Viscosity Compared to What ?

e Various measures lead to

e Thisis small.

e Itimplies dampingtime ~1/0.1=10 x longer
than natural thermal time ~ 1/ (Temperature)
~h / (Temperature)



(Near)-Perfect Fluids

o |ldeal aka “Perfect” fluid characterized by

» mean-free-path A =0
=> viscosityn~n<p>A =0

Remember

e Near-perfect fluid characterized by |, =t?j(€7 o)

» Small A (relative to system size R) /
=> “small” viscosity n ~ n<p>A ~ <p>/o

» “Small” n implies large o
»“Large” o implies strong coupling !
(Jet quenching also implies strong coupling .)



A Long Time Ago (1985)

e Miklos Gyulassy and Pawel Damelewmz

» Dissipative Phenomena
In Quark-Gluon Plasmas

P. Danielewicz, M. Gyulassy
Phys.Rev. D31, 53,1985.

noted restrictions on smallest allowed n:
e Most restrictive:

A > hI<p> = mn>~n/3

But recall s = 3.6 n for
the quanta they were considering

—mnls >1/(3.6x3)~h/(4n)
~0.1 h

Before estimating A; via Eq. (3.2) we note several physi-
cal constraints on A;. First, the uncertainty principle im-
plies that quanta transporting typical momenta {p ) can-
not be localized to distances smaller than {(p )~ 1. Hence,
it is mr:amng]ess to speak about mean free paths smaller
than (p)~'. Requiring A, > {(p),”! leads to the lower
bound .
n>5n, (3.3)

—

where n=>n; is the total density of quanta. What
seems amazing about (3.3) is that it is independent of
dynamical details. There is a finite viscosity regardless of
how large is the free-space cross section between the quan-
ta. See Refs. 21 and 22 for examples illustrating how the
thermalization rate of many-body systems is limited by
the uncertaintv nrincinle.

W.A. Zajc


http://www.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D31,53

Alternative History

e S0 the “perfect fluid” observed at RHIC with

N <015

S RHIC

was immediately recognized as confirming the 1985
uncertainty principle estimate of
Danielewicz and Gyulassy

e Except that's not what happened...



e In 2003-4 a new estimate (bound?) appeared from the AdAS/CFT
correspondence
in string theory (!):
» A Viscosity Bound Conjecture,

P. Kovtun, D.T. Son, A.O. Starinets,
hep-th/0405231

h
T, 2 008k
s 4

In a rigorous calculation
with no (apparent) appeal to the uncertainty principle.


http://arxiv.org/abs/hep-th/0405231

AdS / CFT in a Picture

5-dimensional
Black hole AdS spacetime

Graviton with _ . .
S5-momentum k in bulk (AdS = Anti de Sitter space )
T~ A hard

satisties kek = 0 —

(strongly-
coupled)
gauge theory

- Sty W calculation is
“\Q\!\" " —1 |14 dual to an
RN 151 easy semi-

Those 4 number? N ;
describe virtual gauge classical

described by 4 numbers

quanta on 4-Q \ - - gra V/tat/qna/
bounda = = calculation.

(CFT = Conformal Field Theory )
Quark-gluon 4-dimensional

plasma flat spacetime
Adopted from S. Brodsky fiqure WA Zajc



Is The Bound Respected ?

e All ordinary fluids exceed the KSS bound by factors of 10-1000

» “A Viscosity Bound Conjecture”,

P. Kovtun,
D.T. Son,

A.O. Starinets, hep-th/0405231

¢ RHIC
(and now LHC)
sQGP fluids
are at
~1-3
on this
scale (1)

472- VISCOSITY/ENTROPY DENSITY

¢

200

150 1=

100

o
L=

=== Helium 0.1 MPa
== Nitrogen 10 MPa
- Water 100 MPa

1
100
TEMPERATURE (K)

1
1000
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http://arxiv.org/abs/hep-th/0405231

Paradigm Shift

HIC Scientists Serve Up ‘Perfect’ Time Ago (1985)
T——T oD = 68O 8m o Miklos Gyulassy and Pawel Dani
Contacs: Karen MoNuty Wash, (631) 344-8350 or Peter Genzer, (631) 44-3174 » Dissipative Phenomena
In Quark-Gluon Plasmas
RHIC Scientists Serve Up 'Perfect’ Liquid P. Danielewicz, M. Gyulassy
New state of matter more remarkable than predicted — raising many new questions

Monday, April 18, 2005

noted restrictions on smallest allowed 1 :

TAMPA, FL.— The four detector groups conducting research at the Relativitic Heavy lon Colider (RHIC) — a giant atom
2 L

T Before estimating A, via Eq. (3.2) we note several physi- calculation is

“smasher”located at the U.S. Department of Eneray's ry —say they o Most restrictive: Bt e Ao s b - o : 1 Ml dual to an
7t Rp ies that quanta transporting typical momenta {p) can- . 2
Zﬁ" ""’“"d“"“ imatier out of . 9“"”‘;"?‘:’7 DutREs 8 stain o e A>hi<p> = m>~n/3  notbelocalized to distances smaller than (p)~'. Hence, ¥ easy semi-
iferent and even e precicted. In peer-reviewed it s meaningless (o speak about mean free paths smaller numberig f 5
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the . Butrecalls =3.6n for than (p)~". Requiring 4,2 (p);~" leads to the lower e classical
matter created in RHIC's heavy ion colisions appears to be more like a fiquid. the quanta they were considering "™ o 5 # gravitational
nzdn, 63 &
L = s >1/(36x3)~h/(4n)

= calculation.
n; s the total density of quanta. What v
nd
i

~01h

b
o, See Refs.

21 and 22 for examples illustrating how the
thermalization rate of

‘many-body systems is limited by lasma
f

( Adopted from S. Brodsky fiqure )

e unccrin

= The realization that the key property of the quark-gluon plasma
Is its “perfect liquidity”,

as quantified by n/s being at or near the quantum bound

W.A. Zajc



Paradigm Shift
e Google N-gram search for “QGP”
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0.0000000200% - qgp
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0.0000000000% — I 1 1
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Paradigm Shift

e INSPIRE query for all publications with
QGP, SQGP, QUARK-GLUON PLASMA, QCD PLASMA,

g$ggmgt¥_gggﬁtgg Etﬁgkﬁﬁ "Quark Gluon Plasma" Publications Versus Time
150 ++ ' +—

in their title: TH ++f m
++++++1+
4t T

inSPIRE Entries

50

t
+++ 44t

0 bemtmtmtmtmtmpmpmttmtntt & ‘ ‘ ‘ ‘ ‘ ‘
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year



15-Jun-2018  https://xkcd.com/2007

I
“Buddy, you trying to pull something? I
can’t buy this gold — all of the electrons
BROOKHAVEN RELATIVISTIC i : ”
HEAVY 10N COL are missing. I could face serious charges!
GOLD ION
SOURCE
\ &)
ACCELERATOR @
RING o
® j
f 4 . B @
DVERTER  Goup IoN BEAM P
CASH FOR GOLD STORES

SADLY, BROOKHAVEN REJELTED My PROPDSED EXPERIMENT.

11-Dec-19 W.A. Zajc



Two Facilities

Fi

rst collisions 2000 e First collisions 2010
p+p, d+Au, 3He+Au, Zr+Zr, e ptp, Pb+Pb, p+Pb
Ru+Ru, Cu+Cu, Cu+Au, o Vsyy =2.76 TeV, 5.5 TeV
Au+Au, U+U

Vsyy ~ 7—200 GeV
Polarized protons

W.A. Zaic



SPHENIX — The Next Step

 Open question: SPHENIX: State-of-the-Art Jet Detector at RHIC <))

How do . | Hadronic
asymptotically free Solenoid Magnet 3 l‘ alorimeter
quarks and gluons

Outer

conspire to form
the world’s most

—— :_ 7 — Inner

perfect fluid? Central Tracking ~ l
e [0 answer: N

— MVTX
Probe it on the smallest
possible length scales
with jetS e Full Azimuthal Coverage

e |eta| <1.1

Electromagnetic

Calorimeter




e Open question:

How do
asymptotically free
quarks and gluons
conspire to form
the world’s most

perfect fluid? Central Tracking
— TPC
e [0 answer: N
— MVTX

Probe it on the smallest

possible length scales
with jets

Solenoid Magnet

SPHENIX — The Next Step

SPHENIX: |

¢ Full Azimuthal Cove
e |eta| <1.1
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Abstract

The bulk motion of nuclear matter at the ultrahigh temperatures created in heavy ion
collisions at the Relativistic Heavy lon Collider and the Large Hadron Collider is well described
in terms of nearly inviscid hydrodynamics, thereby establishing this system of quarks and
gluons as the most perfect fluid in nature. A revolution in the field is under way, spearheaded
by the discovery of similar collective, fluid-like phenomena in much smaller systems
including p+p, p+A, d+Au, and 3He+Au collisions. We review these exciting new observations
and their profound implications for hydrodynamic descriptions of small and/or out-of-
equilibrium systems.
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perfect liquid, shear viscosity, relativistic fluid dynamics, gauge/gravity duality
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