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A Brief Roadmap

1.The Femtoworld 2. Quarks, Gluons,
States of Matter
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Quark-Gluon Plasma

3. What we do
at RHIC

4. Creating matter
at RHIC

5. The Future
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“The Femtoworld”

R ~ 1fm

1 femtometer = 1fm = 0.000000000000001m
Adopted in 1964, it comes from the Danish or Norwegian femten, meaning fifteen.

In 2007, “Nuclear Physics” is the study of the
Particles and Forces active at the “femtometer” scale

http://en.wikipedia.org/wiki/1964
http://en.wikipedia.org/wiki/1964
http://en.wikipedia.org/wiki/Denmark
http://en.wikipedia.org/wiki/Denmark
http://en.wikipedia.org/wiki/Norway
http://en.wikipedia.org/wiki/Norway


Time in the Femtoworld

R ~ 1fm

It takes light 3x10-24 seconds (3 “yoctoseconds”) 
to travel 1 femtometer in vacuum.

1 fm/c is the basic “time scale” of strong interaction physics

1 ys = 0.000000000000000000000001 sec



+
What’s in a proton?

R ~ 1fm

We have long known that a proton has a
charge, mass, size and spin, but none of these

properties point to what’s “inside”



The Particle “Zoo”
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The periodic table is a testament to the composition
of atomic species (even without knowing their “insides”!)
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Making Sense of the Zoo

R ~ 1fm
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Gell-Mann and Ne’eman proposed “quarks” as a way
to understand the particle zoo, kind of like

the way the periodic table makes sense of the
known elements
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Σ− Σο Σ+

Ξ+Ξ−

M. Gell-Mann



The Quark Model

Discovery of Omega (sss)
verified quark model

1964

Δ++

S

I3Δ+ΔοΔ−

Σ− Σο Σ+

Ξ+Ξ−

Ω−

Omega Particle @ BNL



The Quark “Glue”
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After quarks were discovered theoretically and
experimentally, it was a matter of time until people

began to understand the forces (i.e fields)
holding them together

Yang & Mills
(1954 BNL)
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change in the way grades were assigned caused confusion years later. Two of his uncles fostered his intellectual interests during his late childhood and
early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body

Einstein in 1905, when he

worked at the patent office in

Berne

Quantum Chromodynamics

Just as photons are the “particles”
of the electromagnetic field (1905!), the “gluon” is

the carrier particle of the “color” field of QCD,
Quantum Chromodynamics
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Probing a Proton
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2/3If we “look” 
inside a proton,   

Can we see “pieces” 
of it fly out?

Deep Inelastic Scattering @ SLAC
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Probing a Proton
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2/3What happens as the
struck quark gets farther

from the proton?



Gravity & E&M

The two most important forces
in our everyday lives get
weaker as the particles

get farther away from each other!

Gravity &
Electromagnetism

holds much of
our world together
(except the nucleus

and nucleon)

E ~ 1/r, F ~ 1/r2
http://www.mps.mpg.de

http://www.mps.mpg.de
http://www.mps.mpg.de


Probing a Proton

2/3

-1/3

2/3

QCD
predicts that the 
force between 

quarks is constant
with increasing

distance

At long distance,
Energy ~ r
kind of like 
stretching

a rubber band

(...and at short distance F~1/r2 again!)



SNAP!
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“Particle production”:
stretching and breaking

the “rubber band”
of the strong force!

Proton

Pion

e
−

+ p → e
−

+ p + π
0

Eventually, there’s 
too much energy,
and another quark

and anti-quark
“pop” out of the

vacuum!

E = mc
2
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early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body

Einstein in 1905, when he

worked at the patent office in

Berne



“Hadrons”
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A “Baryon” is 3 quarks:
flavors, charge, spin,
mass & CONSERVED

A “Meson” is quark &
anti-quark:

flavors, charge, spin,
mass

Quantum Chromodynamics requires “colorless” particles



A Zoo?  More like an 

Baryon
(3 q or q)

Meson
(1 q & q)

πK
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ϕ

1000’s of “hadronic states” (particles & anti-particles) 
have been observed: more all the time

Citation: S. Eidelman et al. (Particle Data Group), Phys. Lett. B 592, 1 (2004) (URL: http://pdg.lbl.gov)

φ(1680)φ(1680)φ(1680)φ(1680) IG (JPC ) = 0−(1 −−)

Mass m = 1680 ± 20 MeV [n]

Full width Γ = 150 ± 50 MeV [n]

φ(1680) DECAY MODESφ(1680) DECAY MODESφ(1680) DECAY MODESφ(1680) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K K∗(892)+ c.c. dominant 462

K0
S K π seen 621

K K seen 680

e+ e− seen 840

ωππ not seen 623

ρ3(1690)ρ3(1690)ρ3(1690)ρ3(1690) IG (JPC ) = 1+(3 −−)

.
Mass m = 1688.8 ± 2.1 MeV [n]

Full width Γ = 161 ± 10 MeV [n] (S = 1.5)

p
ρ3(1690) DECAY MODESρ3(1690) DECAY MODESρ3(1690) DECAY MODESρ3(1690) DECAY MODES Fraction (Γi /Γ) Scale factor (MeV/c)

4π (71.1 ± 1.9 ) % 790

π±π+π−π0 (67 ±22 ) % 787

ωπ (16 ± 6 ) % 655

ππ (23.6 ± 1.3 ) % 834

K K π ( 3.8 ± 1.2 ) % 629

K K ( 1.58± 0.26) % 1.2 685

ηπ+π− seen 727

ρ(770)η seen 520

ππρ seen 633
Excluding 2ρ and a2(1320)π.

a2(1320)π seen 307

ρρ seen 333

ρ(1700)ρ(1700)ρ(1700)ρ(1700) [s] IG (JPC ) = 1+(1 −−)

Mass m = 1720 ± 20 MeV [n] (ηρ0 and π+π− modes)
Full width Γ = 250 ± 100 MeV [n] (ηρ0 and π+π− modes)

ρ(1700) DECAY MODESρ(1700) DECAY MODESρ(1700) DECAY MODESρ(1700) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

2(π+π−) large 803

ρππ dominant 653

ρ0π+π− large 650

HTTP://PDG.LBL.GOV Page 16 Created: 12/9/2004 14:01
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+  -

+ -

+ -
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Heating up Hadrons

In the early 1960’s 
Rolf Hagedorn
predicted that 

the bound state 
spectrum would
rise indefinitely
→ Singularity at 

limiting temperature 
TH~170 MeV

ρ(m) ∼ maem/T0 → Z =

∫
ρ(m)e−m/T → ∞(T ≥ T0)

3

FIG. 2: Accumulated spectrum of non-strange baryons plot-
ted as a function of m. The lower curve at high m corresponds
to older data of Ref. [7], while the higher curve includes the
new states as described in the text.

Now we pass to the case of the non-strange baryons.
With the help of identification of states in chiral multi-
plets [11], we add the missing states (marked with the
question signs in [11]) on top of the states from PDG [7]
used in Ref. [15]. In this way we fill the chiral multiplets.
The results of this procedure are shown in Fig. 2. We
note that the effect of including these baryon states is
less important than in the analogous procedure for the
mesons. In the present case we do not show the fit to
the exponential formula, since it is difficult to line-up
the results along one straight line in a sufficiently broad
range of m. Actually, with the present data one may see
a straight line up to about m = 2 GeV, and possibly an-
other straight line, with a lower slope, above. However,
this may be an artifact of missing data in the high-mass
range.

Indeed, the parity doublets in N and ∆ can be as-
sociated with the (0, 1/2) ⊕ (1/2, 0) representations for
the nucleon spectrum, the (0, 3/2) ⊕ (3/2, 0) multiplets
in the ∆ spectrum, and with the (1, 1/2) ⊕ (1/2, 1) rep-
resentations which combine the doublets in the nucleon
and delta spectra. If all these multiplets are realized
in nature, then the number of the states in the region
above 2 GeV should be much larger than given in PDG.
Unfortunately, this region has never been systematically
explored in experiments.

We now come back to the meson case of Fig. 1, and
wish to present the data in a somewhat different manner.
The problem of the presentation in the log scale, as in
Fig. 1, is that the low-mass states are sparse, while the
high-mass states are jammed up. For that reason we now
look at the ratio of the experimental function (2) to the
model function (3), with the choice f(m) = 1 and the
parameters at the fitted values quoted in the text. The
ratio is plotted as a function of the accumulated num-
ber of model states, Nmodel. If the Hagedorn hypothesis
complies to the data, this ratio should be equal to unity.

FIG. 3: The ratio of the accumulated spectrum of non-strange
baryons to the exponential fit, plotted as a function of m. The
lower curve at high m corresponds to older data of Ref. [7],
while the higher curve includes the new states as described in
the text. We note a sizeable increase of the validity range of
the Hagedorn hypothesis.

FIG. 4: Comparison of mesons (dashed lines) and baryons
(solid lines) of Figs. 1 and 2.

Indeed, this is so with the new data up to about 900
states, while with the old data it was true only up to
about 250 states. Again, we see vividly that the inclu-
sion of the new states significantly increases the range of
validity, or verification, of Eq. (1).

Finally, for the reader’s convenience we overlay our re-
sults for the mesons and baryons in one plot of Fig. 4.
As pointed out in Ref. [15], up to m = 2 GeV we note
a faster growth rate for baryons than for mesons, which
means two distinct Hagedorn temperatures for mesons
and baryons. This is a prediction of dual string mod-
els, see Ref. [17] for a discussion. For higher masses this
feature is no longer obvious, with more experimental in-
formation needed to clarify the issue.

In conclusion, we list our main observations:
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Update of the Hagedorn mass spectrum

Wojciech Broniowski,1, ∗ Wojciech Florkowski,1, 2, † and Leonid Ya. Glozman3, ‡

1The H. Niewodniczański Institute of Nuclear Physics,
Polish Academy of Sciences, PL-31342 Kraków, Poland

2Institute of Physics, Świȩtokrzyska Academy, ul. Świȩtokrzyska 15, PL-25406 Kielce, Poland
3Institute for Theoretical Physics, University of Graz, Universitätsplatz 5, A-8010 Graz, Austria

(Dated: June 21, 2004)

We present an update of the Hagedorn hypothesis of the exponential growth of the number of
hadronic resonances with mass. We use the newest available experimental data for the non-strange
mesons and baryons, as well as fill in some missing states according to the observation that the
high-lying states form chiral multiplets. The results show, especially for the case of the mesons,
that the Hagedorn growth continues with the increasing mass, with the new states lining up along
the exponential growth.

PACS numbers: 25.14.20.-c, 14.40.-n, 12.40Yx, 12.40Nn
Keywords: particle spectra, Hagedorn hypothesis, chiral symmetry

The Hagedorn hypothesis [1, 2, 3] of the exponential
growth of the number of hadronic resonances with mass
is one of the most fundamental issues in particle physics.
The formula for the asymptotic dependence of the density
of hadronic states on mass, namely

ρ(m) = f(m) exp(m/TH), (1)

where f(m) denotes a slowly varying function and TH is
the Hagedorn temperature, has gained a lot of attention
due to its appealing simplicity, fundamental character,
support from the experimental data and theoretical ap-
proaches, as well as because of its relevance to the phe-
nomenology of particle production, in particular concern-
ing the possible phase transition from the hadron gas to
the quark-gluon plasma [4, 5, 6].

The purpose of this note is to present an update of the
experimental verification of Eq. (1). We supplement the
data published in the Particle Data Tables [7] with the
new experimental information [8, 9], as well as add the-
oretically predicted new states belonging to chiral mul-
tiplets [10, 11, 12, 13, 14]. Although the appearance of
some of these states has not been verified experimentally
yet, their existence follows from the recent theoretical
findings that the high-lying particle spectrum essentially
has the features of restored chiral symmetry [10].

The results are shown for the non-strange mesons and
baryons, where the new data is available. The paper has
no pretence of presenting new models or ideas; neverthe-
less, due to the fundamental nature of the problem re-
lated to basic ideas behind the formation of bound states
and resonances in particle physics, the results of our sim-
ple compilation should be of interest for the community.
We include the new experimental results and show that
the new data are important in the verification of the

∗Electronic address: Wojciech.Broniowski@ifj.edu.pl
†Electronic address: florkows@amun.ifj.edu.pl
‡Electronic address: glozman@kfunigraz.ac.at

Eq. (1). The new results extend significantly, at least
for the mesons, the range of fiducial range of the Hage-
dorn hypothesis. While with the data listed in the 1998
edition of the Particle Data Tables [7] used in [15, 16, 17]
the exponential growth for non-strange mesons could be
observed up to the masses of about 1.8 GeV, now it con-
tinues higher up, till about 2.3 GeV.

We start with a very brief reminder of the history of
the Hagedorn hypothesis (for much more complete his-
torical presentations we refer the reader to Hagedorn’s
original lecture [3] and to a tribute article by Ericson and
Rafelski [18]). Equation (1) was originally proposed to
explain the spectra in the p-p and π-p scattering [1, 19].
Later, it was obtained from the statistical bootstrap mod-
els [2, 20, 21, 22]. Subsequently, it gained a convincing
support from the dual string models [23, 24, 25, 26]. It
is worthwhile to recall that in the 1960s, when the origi-
nal Hagedorn idea was formed, very few hadronic states
were known, up to the mass of the ∆ isobar. More and
more states have been accumulated over the years, thus
much more systematic studies were possible, such as for
instance the analysis of Ref. [27] and of Ref. [15], where
two of us (WB,WF) pointed out the different growth rate
of mesons and baryons, as well as demonstrated the uni-
versality of the Hagedorn temperatures with strangeness.
The faster growth of the baryon spectrum was also noted
in Ref. [28].

The Hagedorn concept of the limiting temperature
appears in many different contexts, e.g., in the stud-
ies of non-linear Regge trajectories [29, 30, 31], strings
[32, 33, 34], d-branes [35], and cosmology [36]. More-
over, a complete treatment of hadronic resonances, as
suggested by Hagedorn already in the 1960s, is the basic
ingredient of the successful models of hadron production
in heavy-ion collisions at the RHIC energies [37, 38].

After many dormant years with essentially no incoming
new data, a recent systematic partial wave analysis of the
p̄p annihilation at LEAR has revealed a lot of new meson
states in the mass range 1.8 - 2.4 GeV [8, 9]. These
new experimental results turned out to be in line with
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QCD is notoriously
hard to solve

for high temperature,
so solved numerically
on powerful machines!

Years ago, it was 
discovered that there
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What State of Matter?

Does it act
like an ideal gas?

Does it flow,
like a (compressible) liquid?
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change in the way grades were assigned caused confusion years later. Two of his uncles fostered his intellectual interests during his late childhood and
early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body

Einstein in 1905, when he

worked at the patent office in

Berne
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change in the way grades were assigned caused confusion years later. Two of his uncles fostered his intellectual interests during his late childhood and
early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body
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The Range of RHIC

Au+Au collisions at 200 GeV/NN pair
are the RHIC standard-bearer

(with energy scan: 19.6-200 GeV) 



The Range of RHIC

Cu+Cu collisions have been used to
study properties of smaller systems

(also scan 22.4-200 GeV) 



The Range of RHIC

d+Au collisions have been used to
study the nuclear wave function at 200 GeV

(d had a closer Z/A ratio to Au than p)



The Range of RHIC

Proton-proton collisions are used as
“reference data”, assuming no medium

effects are present (is this true?)
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RHIC Detectors to Scale
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A Single RHIC Event in STAR
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A Single RHIC Event in PHENIX
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A Single Event in PHOBOS

Hits in the silicon detectors
in a 200 GeV Au+Au event

“Octagon”
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Angular Distributions & Nch

η = − log(tan(θ/2))

Angle tells us about velocity of particles along beam axis.
Most produced particles are relatively slow.
E=mc2: Trade off of kinetic energy for matter

y = tanh−1βz

θ z
“Rapidity” Pseudo-

rapidity

Npart

!
-5 0 5

!
/d

ch
dN

0

200

400

600

800 19.6 GeV

!
-5 0 5

62.4 GeV

!
-5 0 5

130 GeV

!
-5 0 5

200 GeV
Phys.Rev.C74:021901,2006 

Nch

Total
Charged

“velocity” along beam axis



Entropy & Thermalization
Entropy reflects the number of degrees of freedom

available to a system when it “thermalizes”, i.e.
erases all information about its initial state

by randomizing the motion of the constituents

low
entropy

highest 
entropy S =

∆Q

T

Do collisions at RHIC thermalize?  If so, we may be
able to learn about its degrees of freedom

by studying its entropy!

higher entropy



Entropy & Multiplicity

S =
∆Q

T

Total amount of energy
added as “heat”

Average energy per
relevant degree of 

freedom

∝ NDOF

For entropy, everything “counts”...

∝ Ntot
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The Final State @ RHIC

Can we see thermalization in the final state?
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Strong Blackbody

The spectrum of particles emerging from the collisions
is similar to a blackbody shape, but with hadrons

instead of photons
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PHOBOS data, STAR image



Particle Ratios
T Chemical freezeout 

temperature

μB

Baryochemical potential
(when you have more matter 

than antimatter!)

p

p
∼ exp (−2µB/T )

Braun-Munzinger, Magestro, Stachel (2001)
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This is, in some sense, the 
“final temperature”

of a RHIC collision, when
it “freezes” into hadrons

The earlier stages must have
been much hotter!

This is ~2x1012 degrees K

The Temperature at RHIC

kBT=177 MeV



Estimating Nuclear Overlap

R ~ 
1fm/γ
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Estimating Geometry
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Figure 8
An illustrated example of
the correlation of the
final-state-observable total
inclusive charged-particle
multiplicity Nch with
Glauber-calculated
quantities (b, Npart). The
plotted distribution and
various values are
illustrative and not actual
measurements (T. Ullrich,
private communication).

rapidity. For large b events (“peripheral”) we expect low multiplicity at midrapidity
and a large number of spectator nucleons at beam rapidity, whereas for small b events
(“central”) we expect large multiplicity at midrapidity and a small number of spectator
nucleons at beam rapidity (Figure 8). In the simplest case, one measures the per-event
charged-particle multiplicity (dNevt/dNch) for an ensemble of events. Once the total
integral of the distribution is known, centrality classes are defined by binning the
distribution on the basis of the fraction of the total integral. The dashed vertical lines
in Figure 8 represent a typical binning. The same procedure is then applied to a
calculated distribution, often derived from a large number of Monte Carlo trials. For
each centrality class, the mean value of Glauber quantities (e.g., 〈Npart〉) for the Monte
Carlo events within the bin (e.g., 5%–10%) is calculated. Potential complications to
this straightforward procedure arise from various sources: event selection, uncertainty
in the total measured cross section, fluctuations in both the measured and calculated
distributions, and finite kinematic acceptance.

3.1.1. Event selection. All four RHIC experiments share a common detector to
select MB heavy ion events. The ZDCs are small acceptance hadronic calorimeters
with an angular coverage of θ ≤ 2 mrad with respect to the beam axis (9). Situated
behind the charged-particle steering DX magnets of RHIC, the ZDCs are primarily
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Trigger Acceptance
ANRV326-NS57-08 ARI 1 May 2007 14:10
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Figure 9
Pseudorapidity coverage of the centrality selection detectors of the four RHIC experiments
(37–40). BBCs, beam-beam counter arrays; ZDCs, zero-degree calorimeters.

sensitive to neutral spectators. For Au+Au collisions at
√

sNN = 130 GeV and above,
the ZDCs are ∼100% efficient for inelastic collisions, thus providing an excellent
MB trigger. The RHIC experiments often apply an online timing cut to select events
within a given primary vertex interval (∼|zvertex| < 30 cm). Further coincidence with
fast detectors near midrapidity is often also used to suppress background events such
as beam-gas collisions. Experiment-specific event selection is described in detail in
Section 3.2. Figure 9 displays the pseudorapidity coverage of the suite of subsystems
used to define centrality (both offline and at the trigger level) (37–40). With the
exception of the STAR TPC and FTPCs, all other subsystems are intrinsically fast
and available for event triggering.

3.1.2. Centrality observables. In MB p+p and p+p collisions at high energy, the
charged-particle multiplicity dNevt/dNch has been measured over a wide range of ra-
pidity and is well described by a negative binomial distribution (NBD) (41). However,
the multiplicity is also known to scale with the hardness (q 2) of the collision—the mul-
tiplicity for hard jet events is significantly higher than that of MB collisions. In heavy
ion collisions, we manipulate the fact that the majority of the initial-state nucleon-
nucleon collisions will be analogous to MB p+p collisions, with a small perturbation
from much rarer hard interactions. The final integrated multiplicity of heavy ion
events is then roughly described as a superposition of many NBDs, which quickly
approaches the Gaussian limit.

The total inclusive charged-particle multiplicity Nch can be measured offline by
counting charged tracks (e.g., STAR TPC) or estimated online from the total energy
deposited in a detector divided by the typical energy deposition per charged particle
(e.g., PHOBOS Paddle scintillation counters). As shown in Figure 9, there is a wide
variation in the acceptance of various centrality detectors at RHIC. PHOBOS, with
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Centrality Bins
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Fraction of Total
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Figure 14
PHOBOS data (39)
showing the number of
paddle slats, out of 32
total, hit by charged
particles in triggered
events. The data are
compared with a full
Monte Carlo simulation
of unbiased HIJING
events. The data are
normalized around
N(slats) ∼16 in order to
compare data and the full
simulations and thus to
estimate the fraction of
events lost to the trigger
conditions. Figure
adapted with permission
from Reference 39.

on each paddle counter (limiting the vertex range) and either a coincidence between
the PHOBOS ZDCs or a high-summed energy signal in the paddles (to avoid the
slight inefficiency in the ZDCs at small impact parameter at low energies).

PHOBOS estimates the observed fraction of the total cross section by measuring
the distribution of the total number of paddle slats, as shown in Figure 14. Most
of the variation in this quantity essentially measures the very-low-multiplicity part
of the multiplicity distribution, as the bulk of the events have sufficient multiplicity to
fire all of the paddles simultaneously. The inefficiency is determined by matching the
plateau structure in the data to that in HIJING and measuring how many of the low-
multiplicity events are missed in the data relative to the Monte Carlo calculation. This
accounts for a variety of instrumental effects in an aggregate way, and the difference
between the estimated value and 100% sets the scale for the systematic uncertainty.

The total detection efficiency for 200 GeV Au+Au collisions is 97%, and 88%
when requiring that more than two slats hit on each set of 16 paddle counters. This last
requirement dramatically reduces background events taken to tape, and the relative
efficiency is straightforward to measure with the events triggered on a coincidence
of one or more hits in each set of counters.

For events with much lower multiplicities and/or lower energies, both the mul-
tiplicity and rapidity reach are substantially smaller. This strongly impacts the effi-
ciency of the paddle counters and thus potentially distorts the centrality estimation.
For these, PHOBOS uses the full distribution of multiplicities measured in several
η regions of the Octagon and Ring multiplicity counters and matches them to the
distributions measured in a Monte Carlo simulation, typically HIJING. Once the
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The fraction of events missed by the
experimental trigger is the major source of

uncertainty in any measurement of Npart, etc.



What if the system thermalized immediately,
in the Lorentz-contracted volume?

What would the entropy be?

A Simple Model for Entropy



Fermi-Landau Model
E = A × ENN

V =
A × V0

ENN/2mN

ε =
E2

NN

2mNV0

s ∝ ε
3/4

Total Energy

Total Volume

Energy Density E/V
(>3 TeV/fm3 @ RHIC!)

S = sV ∝ NpartE
1/2

NNblackbody physics
p=ε/3



Nch Scaling With Volume

R ~ 
1fm/γ

b
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Fermi-Landau vs. Data
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So far we’ve been treating the system as if it’s
sitting in a box (or test tube!)



Set the QGP Free!

What happens when you take the glass away?



The Stuff at RHIC

Does it evaporate,
like a gas?

Does it flow,
like a liquid?



A gas flows down a pipe, 
but just expands isotropically into space.

Is the material a gas?



A liquid is its own container.  
Its flow depends on its shape 

Is the material a liquid?



The “Shape” of Things

z

y

x

y

RHIC collisions have a special shape:
1. Compressed along the beam directions

2. Almond shaped in the “transverse” plane



Longitudinal Flow

∆z ∼
1
√

s

z

y
dN/dy

σy ∼

√

log(ENN )

1955: Landau solves “Relativistic Hydrodynamics”

The more you squeeze it, the faster it explodes!

Initial
Shape

Final
Shape

2007: Heinz, Kolb, Shuryak, Ollitrault, Hirano, etc.



Unique to RHIC?
Strongly-coupled 6Li atoms in a magnetic trap at the Feshbach 

resonance (O’Hara et al, 2003)

Any system with sufficiently-strong
interactions will show “hydrodynamic”

behavior

Ultracold atoms show it.
Do ultrahot RHIC collisions?



Landau Model vs. Data
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FIG. 3: Full phase–space K/π ratios as a function of
√

sNN (a) and rapidity systematics at
√

sNN = 200 GeV (b). The dashed
and dotted lines in (b) are predictions of the statistical model [6]. Errors are statistical and systematics in (a), only statistical
in (b). AGS data are from [12, 13], SPS data from [14, 15, 16]. Data points at

√
sNN = 6.3 GeV and 7.6 GeV [14, 15] are

preliminary.
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spectra and inclusive invariant yields of charged meson
π± and K±. The ratios of strange to non–strange
mesons K/π are well reproduced by the hadron gas
statistical model [6] that assumes strangeness equilibra-
tion at mid–rapidity. The excess of K+ over K− yields
at higher rapidities can be explained by the increasing
baryo–chemical potential µB with rapidity. The widths
of the pion rapidity distributions are in surprisingly
good agreement with a hydrodynamic model based on
the Landau expansion picture.

This work was supported by the division of Nuclear
Physics of the Office of Science of the U.S. DOE, the
Danish Natural Science Research Council, the Research
Council of Norway, the Polish State Com. for Scientific
Research and the Romanian Ministry of Research.

[1] L. D. Landau, Izv. Akad. Nauk SSSR Ser. Fiz. 17, 51
(1953).

[2] J. D. Bjorken, Phys. Rev. D27, 140 (1983).
[3] I. G. Bearden et al. (BRAHMS) (2003), nucl-ex/0312023.
[4] I. G. Bearden et al. (BRAHMS), Phys. Rev. Lett. 90,

102301 (2003).
[5] F. Becattini, J. Cleymans, A. Keranen, E. Suhonen, and

K. Redlich, Phys. Rev. C64, 024901 (2001).
[6] P. Braun-Munzinger, D. Magestro, K. Redlich, and

J. Stachel, Phys. Lett. B518, 41 (2001).
[7] M. Adamczyk et al. (BRAHMS), Nucl. Instrum. Meth.

A499, 437 (2003).
[8] D. Ouerdane, Ph.D. thesis, University of Copenhagen

(2003).
[9] J. Adams et al. (STAR), Phys. Rev.Lett. 92, 112301

(2004), nucl-ex/0310004.
[10] S. S. Adler et al. (PHENIX), Phys. Rev. C69, 034909

(2004).
[11] BRAHMS, URL http://www4.rcf.bnl.gov/brahms/WWW/publication
[12] L. Ahle et al. (E802), Phys. Rev. C57, 466 (1998).
[13] L. Ahle et al. (E866 and E917), Phys. Lett. B476, 1

(2000).

20

40

E895 (AGS) =3.0 GeVNNs

50

100

E895 (AGS) =4.1 GeVNNs

Measured Data

Gaussian Fit

-5 0 5

100

200

300 NA49 (SPS) =17.3 GeVNNs

Reflected About y=0

E895 (AGS) =3.6 GeVNNs

NA49 (SPS) =8.8 GeVNNs

-5 0 5

BRAHMS

(RHIC)

=200 GeV
NN

s

Rapidity

+
!

d
N

/d
y

 o
f 

Fig. 23. Rapidity densities of positive pions emitted in central collisions of Au+Au
(AGS and RHIC) [55,180] and Pb+Pb (SPS) [50] at a variety of beam energies.
Note that, in contrast to Fig. 1, yields in rapidity space are well represented by
Gaussians with no evidence for a broad midrapidity plateau.

distributions at all energies are identical in the region corresponding to larger
η, the data from lower energies can be used to constrain the extrapolation of
the higher energy data to the full solid angle. In addition, it should be noted
that the corrections to the PHOBOS multiplicity data depend strongly on
emission angle of the particles and also are significantly asymmetric between
positive and negative pseudorapidities. The latter effect results primarily from
the offset of the PHOBOS magnet from the center of the interaction region
(see Fig. A.1). The good agreement seen when comparing particles emitted at
different angles and for both signs of pseudorapidity indicates the robustness
of the analysis procedure, as well as providing interesting physics insight.

Fig. 24 illustrates the observation that longitudinal scaling holds over an even
more extended range of pseudorapidity in these seemingly complex high energy
A+A collisions at RHIC. Based on the pseudorapidity distribution (and, as
will be discussed in following sections, elliptic flow and perhaps even HBT), no
evidence is seen in any hadron-hadron or ion-ion collisions for two energy inde-
pendent fragmentation regions separated by a boost invariant central plateau
which grows in extent with increasing collision energy. Thus, the expectation
from the boost-invariant description of the energy evolution of rapidity distri-
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Landau’s predictions from 1955
seem to be relevant in 2007!

The longitudinal explosion in heavy ion collisions
acts like a rapidly-thermalized fluid!



“Elliptic Flow”
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Agreement with Hydro

1

N

dN

dφ
= 1 + 2v1 cos(φ − ΦR) + 2v2 cos(2[φ − ΦR]) + ...

Agreement with calculations of asymmetries,
based on ideal liquid thermalizing in τ0~0.6fm/c
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Au+Au vs. Cu+Cu

PHOBOS QM2006 R. Nouicer

Au+Au 
Cu+Cu

While no hydro calculations have been done for Cu+Cu,
results agree with Au+Au after accounting for geometry

ε



“Freeze-in”

Configuration established early and preserved!

2D projection of colliding Au+Au along beam axis



So What?

R ~ 
1fm/γ

v v

Try to imagine what is happening here:
Two nuclei racing towards each other at light speed...



So What?

R ~ 
1fm/γ

They collide, and something happens...



R ~ 
1fm/γ

So What?
t ~ 10-23 sec

R ~ 10-15 m

T > 2x1012 oK

ε0 > 3 TeV/fm3

Faster

Smaller

Hotter

Denser

...than
anything
you can
imagine!

Something which makes the fastest, smallest, hottest,
and most dense liquid created since the Big Bang!
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What Makes RHIC Tick?
We can see that the matter created at RHIC

forms quickly and is strongly interacting

But to be honest, we still don’t know exactly
*which* degrees of freedom are interacting

Expected a “gas” of quarks and gluons,
but models based on these interactions

do not have sufficient coupling strength to
allow a good description of the data
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Black Holes at RHIC?

sorry, no...



10-dimensional
Black Hole
(not a “real”
black hole...)

“Quark-Gluon
Liquid”?

A Mathematical Connection



Keyword: Viscosity

Some liquids like to “flow” more than other liquids.

“Viscous” fluids (e.g. honey or motor oil) don’t like to flow
 

A perfect fluid (no viscosity) only likes to flow!

Honey Superfluid Helium

Water



Viscosity in Strongly Interacting Quantum Field Theories from Black Hole Physics

P. K. Kovtun,1 D. T. Son,2 and A. O. Starinets3
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2Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1550, USA
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The ratio of shear viscosity to volume density of entropy can be used to characterize how close a given
fluid is to being perfect. Using string theory methods, we show that this ratio is equal to a universal value
of !h=4!kB for a large class of strongly interacting quantum field theories whose dual description involves
black holes in anti–de Sitter space. We provide evidence that this value may serve as a lower bound for a
wide class of systems, thus suggesting that black hole horizons are dual to the most ideal fluids.

DOI: 10.1103/PhysRevLett.94.111601 PACS numbers: 11.10.Wx, 04.70.Dy, 11.25.Tq, 47.75.+f

Introduction.—It has been known since the discovery of
Hawking radiation [1] that black holes are endowed with
thermodynamic properties such as entropy and tempera-
ture, as first suggested by Bekenstein [2] based on the
analogy between black hole physics and equilibrium ther-
modynamics. In higher-dimensional gravity theories there
exist solutions called black branes, which are black holes
with translationally invariant horizons [3]. For these solu-
tions, thermodynamics can be extended to hydrodynam-
ics—the theory that describes long-wavelength deviations
from thermal equilibrium [4]. In addition to thermody-
namic properties such as temperature and entropy, black
branes possess hydrodynamic characteristics of continuous
fluids: viscosity, diffusion constants, etc. From the perspec-
tive of the holographic principle [5,6], a black brane cor-
responds to a certain finite-temperature quantum field
theory in fewer number of spacetime dimensions, and the
hydrodynamic behavior of a black-brane horizon is iden-
tified with the hydrodynamic behavior of the dual theory.
For these field theories, in this Letter we show that the ratio
of the shear viscosity to the volume density of entropy has a
universal value

"
s

! !h
4!kB

" 6:08# 10$13K s: (1)

Furthermore, we shall argue that this is the lowest bound on
the ratio "=s for a wide class of thermal quantum field
theories.

Viscosity and graviton absorption.—Consider a thermal
field theory whose dual holographic description involves a
D-dimensional black-brane metric of the form

ds2 ! g%0&MNdx
MdxN

! f%#&%dx2 ' dy2& ' g$%%#&d#$d#%:
(2)

[The O%2& symmetry of the background is required for the
existence of the shear hydrodynamic mode in the dual
theory, thus making the notion of shear viscosity mean-
ingful.] One can have in mind, as an example, the near-
extremal D3-brane in type IIB supergravity, dual to finite-

temperature N ! 4 supersymmetric SU%Nc& Yang-Mills
theory in the limit of large Nc, and large ’t Hooft coupling
[7–10],

ds2 ! r2

R2

!

$
"

1$ r40
r4

#

dt2 ' dx2 ' dy2 ' dz2
$

' R2

r2%1$ r40=r
4& dr

2; (3)

but our discussion will be quite general. All black branes
have an event horizon [r ! r0 for the metric (3)], which is
extended along several spatial dimensions [x, y, z in the
case of (3)]. The dual field theory is at a finite temperature,
equal to the Hawking temperature of the black brane.

The entropy of the dual field theory is equal to the
entropy of the black brane, which is proportional to the
area of its event horizon,

S ! A
4G

; (4)

where G is Newton’s constant (we set !h ! c ! kB ! 1).
For black branes A contains a trivial infinite factor V equal
to the spatial volume along directions parallel to the hori-
zon. The entropy density s is equal to a=%4G&, where a !
A=V.

The shear viscosity of the dual theory can be computed
from gravity in a number of equivalent approaches [11–
13]. Here we use Kubo’s formula, which relates viscosity
to equilibrium correlation functions. In a rotationally in-
variant field theory,

" ! lim
!!0

1

2!

Z

dtdxei!th(Txy%t;x&; Txy%0; 0&)i: (5)

Here Txy is the xy component of the stress-energy tensor
(one can replace Txy by any component of the traceless part
of the stress tensor). We shall now relate the right-hand side
of (5) to the absorption cross section of low-energy
gravitons.

According to the gauge-gravity duality [10], the stress-
energy tensor T$% couples to metric perturbations at the

PRL 94, 111601 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MARCH 2005

0031-9007=05=94(11)=111601(4)$23.00 111601-1  2005 The American Physical Society

Details aside, this paper makes a calculation about
RHIC physics using a 10 dimensional black hole
and gets a meaningful result about its viscosity...

sQGP String Theory!



Lower Viscosity Bound
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The viscosity/entropy density ratio for helium, nitrogen and

water varies with temperature. Visible in the data is the infinite

slope at the gas–liquid phase transition for helium. The value of

the quotient obtained for systems dual to anti-de Sitter black

holes has been normalized to unity and is indicated by the hori-

zontal red line that lies well below the curves of the real-world

substances. (Adapted from ref. 2.)
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matter it describes warps spacetime and leads to gravitational

forces. In the language of quantum mechanics, the tensor couples

to gravitons analogous to the way that currents couple to photons

in quantum electrodynamics. The Maldacena duality and the con-

nections linking h to the stress–energy tensor to gravitons imply

that a fluid’s h is proportional to the zero-energy-limit cross sec-

tion for gravitons to scatter off the dual black hole. 

A standard result from quantum mechanics says that the cross

section for low energy scattering off a hard sphere is proportional

to the sphere’s cross sectional area. The graviton result is similar:

The zero-energy-limit cross section is proportional to the area of

the black hole horizon. In the ratio h/s, the horizon area cancels.

The specific systems that yield the duality value for h/s have

vanishing chemical potential. Son and colleagues conjecture that

the duality value is a lower bound for h/s in any nonzero-tempera-

ture system with vanishing chemical potential. Just what might

be said about h/s for systems with nonzero chemical potential is an

open question, but the techniques employed by Son and others

have a natural extension to that regime. Calculations for the gen-

eralized scenario, though, will have to deal with an interesting

technical wrinkle: The dual black hole has angular momentum.

Steven K. Blau
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A perfect liquid is impossible - but is RHIC the most perfect?

Physics Today, May 2005

RHIC?
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change in the way grades were assigned caused confusion years later. Two of his uncles fostered his intellectual interests during his late childhood and
early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body
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change in the way grades were assigned caused confusion years later. Two of his uncles fostered his intellectual interests during his late childhood and
early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body
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change in the way grades were assigned caused confusion years later. Two of his uncles fostered his intellectual interests during his late childhood and
early adolescence by suggesting and providing books on science and mathematics.

In 1894, following the failure of Hermann's electrochemical business, the Einsteins moved from Munich to Pavia, Italy (near Milan). Albert remained
behind alone in Munich lodgings to finish school, completing only one term before leaving school in spring 1895, without telling his parents, a year and a
half before final examinations, before rejoining his family in Pavia. He convinced the school to let him go with a medical note from a friendly doctor, but

this meant he had no secondary-school certificate.1

Despite excelling in the mathematics and science portion, his failure of the liberal arts portion of the Eidgenössische Technische Hochschule (Swiss
Federal Institute of Technology, in Zurich) entrance exam the following year was a setback; he was sent by his family to Aarau, Switzerland, to finish
secondary school, where he received his diploma in 1896 September. During this time he lodged with Professor Jost Winteler's family and became
enamoured with Marie, their daughter, his first sweetheart. Albert's sister Maja was to later marry their son Paul, and his friend Michele Besso married

their other daughter Anna.1 Einstein subsequently enrolled at the Eidgenössische Technische Hochschule in October and moved to Zurich, while Marie
moved to Olsberg for a teaching post. The same year, he renounced his Württemberg citizenship, becoming stateless.

In the spring of 1896, the Serbian Mileva Mari! (an acquaintance of Nikola Tesla) started initially as a medical student at the University of Zurich, but
after a term switched to the same section as Einstein, and as the only woman that year, to study for the same diploma. Einstein's relationship with Mileva
developed into romance over the next few years.

In 1900, he was granted a teaching diploma by the Eidgenössische Technische Hochschule and was accepted as a Swiss citizen in 1901. During this time
Einstein discussed his scientific interests with a group of close friends, including Mileva. He and Mileva had a daughter Lieserl, born in January 1902.
Lieserl, at the time, was considered illegitimate because the parents were unwed.

Work and doctorate

Upon graduation, Einstein could not find a teaching post, mostly because his brashness as a young man had apparently irritated most of his professors. The
father of a classmate helped him obtain employment as a technical assistant examiner at the Swiss Patent Office [1] (http://www.ipi.ch/E/institut/i1.shtm) in
1902. There, Einstein judged the worth of inventors' patent applications for devices that required a knowledge of physics to understand. He also learned
how to discern the essence of applications despite sometimes poor descriptions, and was taught by the director how "to express myself correctly". He
occasionally rectified their design errors while evaluating the practicality of their work.

Einstein married Mileva Mari! on January 6, 1903. Einstein's marriage to Mari!, who was a mathematician, was both a personal and intellectual
partnership: Einstein referred to Mileva as "a creature who is my equal and who is as strong and independent as I am". Ronald W. Clark, a biographer of
Einstein, claimed that Einstein depended on the distance that existed in his and Mileva's marriage in order to have the solitude necessary to accomplish his
work. Abram Joffe, a Soviet physicist who knew Einstein, in an obituary of Einstein, wrote, "The author of [the papers of 1905] was ... a bureaucrat at the
Patent Office in Bern, Einstein-Mari!" and this has recently been taken as evidence of a collaborative relationship. However, according to Alberto A.
Martínez of the Center for Einstein Studies at Boston University, Joffe only ascribed authorship to Einstein, as he believed that it was a Swiss custom at
the time to append the spouse's last name to the husband's name.[2] (http://physicsweb.org/articles/world/17/4/2) Whatever the truth, the extent of her
influence on Einstein's work is a highly controversial and debated question.

On May 14, 1904, the couple's first son, Hans Albert Einstein, was born. In 1904, Einstein's position at the Swiss Patent
Office was made permanent. He obtained his doctorate after submitting his thesis "A new determination of molecular
dimensions" ("Eine neue Bestimmung der Moleküldimensionen") in 1905.

That same year, he wrote four articles that provided the foundation of modern physics, without much scientific literature
to which he could refer or many scientific colleagues with whom he could discuss the theories. Most physicists agree
that three of those papers (on Brownian motion, the photoelectric effect, and special relativity) deserved Nobel Prizes.
Only the paper on the photoelectric effect would win one. This is ironic, not only because Einstein is far better-known
for relativity, but also because the photoelectric effect is a quantum phenomenon, and Einstein became somewhat
disenchanted with the path quantum theory would take. What makes these papers remarkable is that, in each case,
Einstein boldly took an idea from theoretical physics to its logical consequences and managed to explain experimental
results that had baffled scientists for decades.

He submitted these papers to the "Annalen der Physik". They are commonly referred to as the "Annus Mirabilis Papers"
(from Annus mirabilis, Latin for 'year of wonders'). The International Union of Pure and Applied Physics (IUPAP) plans
to commemorate the 100th year of the publication of Einstein's extensive work in 1905 as the 'World Year of Physics
2005'.

Photoelectric effect

The first paper, named "On a Heuristic Viewpoint Concerning the Production and
Transformation of Light", ("Über einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt") proposed the idea of "energy quanta"
(which underlies the concept of what is now called photons) and showed how it could
be used to explain such phenomena as the photoelectric effect. The idea of energy
quanta was motivated by Max Planck's earlier derivation of the law of black-body
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