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we need to learn how to use
the sonogram of the fireball,
as sound is the only propagating mode...
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Outline
® Fluctuations and higher harmonics, in Big and
Little Bang

® Multiparticle correlators, nonlinearities,
coherence, number of sources

® sounds/shocks generated by Rayleigh collapse of
the QGP bubbles at the end of "mixed

phase” (Is there enough time till freezout? looks like we
have a signal)

® shocks and sounds generated by jets
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FIG. 1: The ALICE experiment suggests that the quark-gluon
plasma remains a strongly coupled liquid, even at tempera-
tures that are 30% greater than what was available at RHIC.
The plot shows the “elliptic flow parameter” v, (a measure of
the coupling in the plasma) at different heavy-ion collision en-
ergies, based on several experiments (including the new data
from ALICE [1]). (Note the energy scale is plotted on a loga-
rithmic scale and spans three orders of magnitude.) The trend
is consistent with theoretical predictions (pink diamonds) for
an ideal liquid [4].
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plasma remains a strongly coupled liquid, even at tempera-
tures that are 30% greater than what was available at RHIC.
The plot shows the “elliptic flow parameter” v, (a measure of
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ergies, based on several experiments (including the new data
from ALICE [1]). (Note the energy scale is plotted on a loga-
rithmic scale and spans three orders of magnitude.) The trend
is consistent with theoretical predictions (pink diamonds) for
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Two fundamental scales,

describing perturbations at freezeout
(P.Staig,ES,2010)

1.The sound horizon:
radius of about 6fm

TS
H, =/ drcs(T)

JO

about 150 Mps

2.The viscous horizon:
The width of the circle

cylinders
2 n k%t
5TMV (t) — EXD <—35W> 5Tlﬂ/(0)
; 3T cones
ky = =1 — ° ~ 200MeV
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Perturbations of
the Big and the
Little Bangs

Frozen sound (from the era long
gone) is seen on the sky, both in
CMB and in distribution of Galaxies

AT 105
T

lmaa:imum ~ 210
5¢ ™~ QW/lmaximum ~ 1°

They are remnants of the sound
circles on the sky, around the

primordial density perturbations
Freezeout time O(100000) years

Initial state fluctuations

in the positions of participant nucleons
lead to perturbations of the Little
Bang also

AL 402
T

Freezeout time about 12 fm/c
Radius of the circle about 6 fm,
Comparable to the fireball size

PHYSICAL REVIEW C 80, 054908 (2009)

Fate of the initial state perturbations in heavy ion collisions

Edward Shuryak
Department of Physics and Astronomy, State University of New York, Stony Brook, New York 11794, USA
(Received 20 July 2009; revised manuscript received 14 October 2009; published 13 November 2009)
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the sound horizon scale is seen both in microwave
radiation and in galaxy distribution

Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP!)
Observations:
Sky Maps, Systematic Errors, and Basic Results

N. Jarosik?, C. L. Bennett?, J. Dunkley*, B. Gold?, M. R. Greason®, M. Halpern®, R. S.
Hill?, G. Hinshaw”, A. Kogut”, E. Komatsu®, D. Larson®, M. Limon®, S. S. Meyer'?, M. R.
Noltal!, N. Odegard®, L. Page?, K. M. Smith'?, D. N. Spergel'®!3, G. S. Tucker!*, J. L.
Weiland®, E. Wollack”, E. L. Wright!®
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Fig. 9. The temperature (T'T) and temperature-polarization(TE) power spectra for the
seven-year WMAP data set. The solid lines show the predicted spectrum for the best-fit flat
ACDM model. The error bars on the data points represent measurement errors while the
shaded region indicates the uncertainty in the model spectrum arising from cosmic variance.

Wednesday, September 26, 12



the sound horizon scale is seen both in microwave
radiation and in galaxy distribution

Seven-Year Wilkinsor DETECTION OF THE BARYON ACOUSTIC PEAK IN THE LARGE-SCALE
' CORRELATION FUNCTION OF SDSS LUMINOUS RED GALAXIES

DANIEL J. EISENSTEIN"?, IDIT ZEHAVI', DAVID W. Hocc?, ROMAN SCOCCIMARRO®, MICHAEL R.
BrLaNTON?, ROBERT C. NICHOL?, RYAN SCRANTON’, HEE-JONG SEO!, MAX TEGMARK®", ZHENG
ZHENG®, ScorT F. ANDERSONY, JiM ANNIs'?, NETA BaHCcALL'!, JON BRINKMANN'Z, ScoTT
BURLES’, FrRANCISCO J. CASTANDER'?, ANDREW CONNOLLY®, ISTVAN CsABAI'?*, MAaMORU Dor'?,
MASATAKA FUKUGITA'®, Josnua A. FRIEMAN'®!'7 KARL GLAZEBROOK'®, JAMES E. GunNN'!, JouN
S. HENDRY'?, GREGORY HENNESSY'?, ZELIKO IVEzIG?, STEPHEN KENT'Y?, GILLIAN R. KNaPP!!,
HuanN LIN'Y, YEONG-SHANG LonH?, ROBERT H. LUurPTON'!, BRUCE MARGON?!, TIMOTHY A.
McKavy??, AVERY MEIKSIN?®, JEFFERY A. MUNN'?, ADRIAN PopPE!'®, MicHAEL W. RICHMOND??,
DAVID SCHLEGEL?®, DONALD P. SCHNEIDER?®, KAZUHIRO SHIMASAKU?’, CHRISTOPHER
STOUGHTON'?, MICHAEL A. STRAUSS'!, MARK SUBBARAO!"?® ALEXANDER S. SzALAY!'®, ISTVAN
Szapupi??, DoucLas L. TuckieR!'?, BRIAN YANNY!?, & DoNALD G. YORK'’

Submitted to The Astrophysical Journal 12/31,/2004

Sky Maps, Sys

N. Jarosik?, C. L. Bennett3, J.
Hill®, G. Hinshaw’, A. Kogut’,
Nolta!*, N. Odegard®, L. Page
Weile

astro-ph/0501171v1 10 Jan 2005
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O L E
e = Fic. 3.— As Figure 2, but plotting the correlation function times
= C s2. This shows the variation of the peak at 20h~! Mpc scales that is
- controlled by the redshift of equality (and hence by €2,,h?%). Vary-
—1 v ing Qmh? alters the amount of large-to-small scale correlation, but
10 1 boosting the large-scale correlations too much causes an inconsis-
M tency at 30h~! Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.
Fig. 9. The temperature (T'T) anc

seven-year WMAP data set. The solid lines show the predicted spectrum for the best-fit flat
ACDM model. The error bars on the data points represent measurement errors while the
shaded region indicates the uncertainty in the model spectrum arising from cosmic variance.
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The peaks are at the same angles +- 1

sound horizon
tf Cs =6 fm

dN/d¢

p,>2.0 GeV

o

rad (as | got) relative to the perturbation
angle, but +-2 rad in correlations

One tube model
MAIN RESULT: single particle angular distribution has TWO
PEAKS separated by Aphi ~ 2

Pictures due to
FGrassi et al

CONSEQUENCE: two particle angular distribution has three

peaks

Correlators and
statistics:

10° events

108 pairs/event

e ANVG(50)

p,™>2.0 GeV,
2.0GeV >p, > 1.5GeV

2
%

is like correlating
Two waves in US and

Chili to observe tsunami
In Japan
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S.Gubser, arXiv:1006.0006

found nice solution for nonlinear relativistic axially
symmetric explosion of conformal matter

Working in the (7,1, r, ¢) coordinates with the metric
ds®* = —dr? + 7%dn* + dr* + r?d¢?, (3.2)

and assuming no dependence on the rapidity n and az-
imuthal angle ¢, the 4-velocity can be parameterized by
only one function

u,, = (—coshk(r,7),0,sinhk(r,7),0) (3.3)

Omitting the details from [14], the solution for the ve-
locity and the energy density is

2q°Tr
vy = tanhk(r,r) = (1 . q2r2> (3.4)

(2 8/3
€ —= 60( Q) 4/3 (35)
7—4/3 (1 + 2q2(7-2 + T2) + q4(7-2 _ T2>2)

Kappa is the
transverse
rapidity

q is a parameter
fixing the overall size
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Pilar Staig and Edward Shuryak

e
)
-
N - - -
> Comoving coordinates with Gubser flow:
2 Gubser and Yarom, arXiv:1012.1314
) 1 — g2+2 4 g2-2
oA sinh o —
2qg7T
= 5 — 5T/T tan O — 2q7r
= 1 + g272 — g2+2
o 972 1 2S5 1 95 | 1 A2
a 8,02 3 cosh2 o, NHO=2 I tan @ DO I sin= 6 8¢2
— a IS
—+ — tanh o—— = O 3.16

\O
l\
\O We have seen that in the short wavelength approxi-
CD. mation we found a wave-like solution to equation 3.16,
V) but now we would like to look for the exact solution,
- which can be found by using variable separation such
— that 6(p, 0, p) = R(p)OO)P(O), then
Y—
°>° C’lPi/%S_'_%m(tanh r) —+ 02Q2_/§+%m(tanh £2)
< e = (cosh 275
< @) = CsP""(cosO) + CLQ7"(cos O)
< D(p) — Cs&’? 4 Cge 7P (3.26)

where A\ = I(I + 1) and P and Q are associated ILegendre

polynomials. The part of the solution depending on 6 and
¢ can be combined in order to form spherical harmonics

YE@(?a 9{5)7 Such- tha’_t S(p, O, P) o< 12, (p)}/vlm (9.7 CZ?)- )

- - —
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harmonics 1=1..10, Temperature
perturbation and velocity

2 _
61(p) -

Viscosity (dashed) hardly affect
The 15t harmonic, but nearly

lhs (rho=-2) is initiation time and FO time is around zero kills the 10th!
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h Left:4 pi eta/s=0, 2
Note shape change

ALICE central 1% correlators

Note shape agreement
\ No parameters, just Green
Function from a delta function

dN/dA¢

A6 (rad) p';ig 2-2.5 GeV/c
p3s°c 1.5-2 GeV/e -
Pb-Pb 2.76 TeV, 0-1%

1.01

dN/dAd

C(A¢), 0.8 <IAnl <1.8

— + +

B‘la'IIIBIIE:Eﬂ error nnlg

H #ﬁ #;*+++H+||¢|#+¢| |++*|
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The power spectrum is very sensitive to
viscosity, and it has acoustic minima/
maxima (at m=7,12 and m=9)

perturbation initial sizeis 0.7 ftn, viscosity etd/s=0,0!88,0.1370.16
0.001 - 10.001
IS
T
S
0.0001 - -0.0001
0.00001 - 10.00001
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The summary of e-by-e hydro:
Luzum: QM2012

0.045 . , : | |
0.04 Glauber (disks) v _
n MC-KLN o |

0.035 DIPSY
0.03 Glauber (points) A 7]
0.025 ros v UrQMD  ©
> 0.02 MCrcBK (KNO) = _
0.015 | DU _
0.01 _
0005 — % —]
0k voea |

-0.005 I ' l I I
2 3 4 5 6
n

°/dof

14
12
10

S VB O ©

Glauber (disks)
. i MC-KLN
: DIPSY
Glauber (points)
" UrQMD

MCrcBK (KNO)

0.1 015 0.2 025 0.3
n/s

0.35

0.4
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The summary of e-by-e hydro:

Luzum: QM2012

0.045 I I I I I 14 : ! -
0.04 | Glauber (disks) v N J
0.035 | MC-KLN ¢ | 12 | NS 7
- DIPSY ¢ 10 L F _
0.03 _v Glauber (points) A7 “ ;o
0025 aowmm 03 YrQMb -7 3 8 Giauber (disks) |
= B m_ = RS
=002 MCrcBK (KNO) V| Jofaubet (dIse) |
0.015 yotam, ] : DIPSY ---------
0.01 |- . 4 Glauber (points) =
0.005 % — ) L " UI'QMD ———— |
0 F vOea MCrcBK (KNO)
20.005 | | | | | 0 | | | | | |
2 3 4 5 6 0.1 015 02 025 03 0.35
n m/c

note that eta/s fit 0.15 is the same as we got a year ago

none of the models produce correct shape of the angular
correlator, no peak at the 3ed harmonic

all of those are sum of many O(10) sources => small perturbations,
e-by-e hydro hardly justified

0.4
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So what? Why is hydro’ s success for the
Little Bang so exciting?

‘True that already in the 19t century sound vibrations in the bulk
(as well as of drops and bubbles) have been well developed

(Lord Rayleigh, ...)

‘But, those objects are macroscopic still have 10”20 molecules...
Little Bang has about 10”3 particles (per unit rapidity) or 10 of
them per dimension. So the first application of hydro was

surprising: only astonishingly small viscosity saved it...

And now we speak about the 10" harmonics! How a volume cell
with O(1) particles can act as a liquid?
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coherence and
nonlinearities
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Many-particle correlations reveal phases!

® 2-body correlation function .,y

gives |Un|so no phase N dp ~ 1+ 2 vneapling — i) +cc
nformation e A et
n; =0
® k-body terms are Z t
i=1

preserved in averaging .

provided a resonance  __ cos(Y " nig;) >>=
condition is fulfilled i—1 k particles,

. . all events
with some integers ni k

< vl..vkcas(z niW,. ) >
P events

P.Staig, ES arXiv:1008.3139
Bhalerao, Luzum, Ollitrault PRC 84 034910 (2011)

Teaney, Yan PRC 83, 064904 (2011)
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non-central collisions (ALICE data,QM|2)

Vn(b) and |+2=3 and some 5-particle examples

0.07 = Pb-Pb {5, =276 TeV

0.06

- o
o0sE T

F [o] vi®
0.04 -
0.03 &
0.02

0.01 :_:o .‘ ¢

C MI<08 02 <p <§GeVie

50 60 70 80
centrality percentile

0.1

0.05

ALICE Preliminary, Pb-Pb events at ys,, = 2.76 TeV

L ngnn Baaflloog,
e e Y in
j“jj . 'y
- .'. v, (charged hadrons)
e o Vy{2} (|an| > 0)
s = v,{2} (Jan| > 1)
o ] vo{4)
] =] v,{6}
M= =1 vo{8}
1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
10 20 30 40 50 60 70 80

centrality percentile

o
> 0.025

0.02 |

0.015 |

0.005 |-

0.01F

[ Pb-Pb |s,, = 2.76 TaV
C MI<08 02 <p <5GeVic

[o] v

0 5 10 15 20 25 30 35 40 45 50

centrality percentile

Out of these 3 ingredients
one can make many combinations
Even v2 is small,and it has a
characteristic b-dependence

U1,U3 001,

Vo 0.1
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nonlinearity at large pt from Cooper-Fry

X

=

S
&

The crucial (but well known by now) observation is

that the smallness of v9 ~ 0.1 < 1 can be compensated Ngu 05 Pb-Pb sy = 2.76 TeV ni<08 02 <p" <5GeV/e
by large factor p;/Ty > 1. While in the examples of ;n MMM -:-*_'0‘;‘ ot \ .
the previous section, integrated over momenta, we have %, -10F....+* ' e + «
seen that higher powers of v, are suppressed but still ‘% - . N y 4 . Yoy t
observable, at “high” p; the terms with higher powers of £ 20 eee ++ *’ * +
their product (vopy/ Tf)k are not suppressed at all. _303_ — + ++ l\ ¢
Example K3 (slide 11 of [7]) or simply the vy in which - o s10% +
. 40 F L& | 10:20%
the transverse momentum of p, is large. In the exponent : . *
50 - [ e | 3040% \
exrp [—(1/Tf )p'uu“] (8> - ALLCE, 4 ] a0-50%
B l l I R [ T N T T B
0 1 2 3 4

the velocity is a sum of all harmonics such as u,, = ug +

uL + ui + u/?jL Thus there is the direct first harmonics
and the nonlinear terms with the same ¢-dependence 3 . 2 L 1

v1 = O(e1py) + O(e2e3p7) (9)

(pr = 3GeV /Ty =~ 120 MeV') ~ 25> 1
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ALICE data: va(b) and 1+2=3 and some 5-particle examples

- x10°°
Irreducable and reducable sums: example 3 particles = [ _ (bye)
K3 =< cos(3¢q — 2¢p — ¢) >_is irreducable. But & of Pb-Pb |8y = 2.76 TeV mi<08 02<p ™ <5GeV/c
a correlation of 5 particles called a,b,c,ds e type +_ - i‘i_i _'  amn® st e % - . .
K5 =< c0s(3¢pq + 2¢0p — 2¢. — 2¢q — 1¢p.) > is reduca- & - . Y S L . " $
ble because it can contain the previous one and simple ‘o 10 cage" + 44 + ¢ g
elliptic flow correlation from two other particles. % - . ¢ +III ﬂ . ' t ¢
S 20, 0 + 4 + ¢
< c08(3¢g + 205 — 200 — 2¢q — 1) > | ~ - $ i
= c08(3dq + 20 — 200 — 204 — 1¢e) > 30 o] 0% + + | I\ .
—2 < co8(3¢q — 20 — @) >< cos(20q4 — 2¢.) > (5) - o] 5-10% +
40 4] 10-20%
3-2-1=0,2-2=0 - 5] 20-30% *
Crude estimate can be made by using measured v, -50 :— ALTCE (T8 3040 \
in the place of ¢, (this assumes that hydro-determined ~ PRELIMINARY 4 | d0-50%
ratios v, /€, = O(1): one can do better, especially in /. TR R S T S A RS SN SN NS S S N
respect to the signs.) As an example, one can do order- 1 i 3 5

of-magnitude estimate of those two examples at a par-
ticular centrality, say 50%. The measured values are
v1 = 21072,v5 = 0.1,v3 = 1.71072. Using those one
get

right order of
magnitude and
correct b- and pt
dependence:

K3 ~ V1UV2V3 ~~ 3410_5 (6)

K5 ~ 1)1’031)3 = U%Kg ~ 3410_7 (7)
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Crude estimate can be made by using measured v,
in the place of €, (this assumes that hydro-determined
ratios v, /e, = O(1): one can do better, especially in
respect to the signs.) As an example, one can do order-
of-magnitude estimate of those two examples at a par-
ticular centrality, say 50%. The measured values are
v; = 21072, v = 0.1, v3 1.71072. Using those one
get

-5

X
—
o

Pb-Pb \fsnn =m276TeV <08 02 P, < A GeVie

) ++ +~

0.2

01 alice

PRELIMIMARY

Sug = ¥ N

K3 ~ UV1U2V3 ~ O 10_5 (6)

]
o
—

#-particle cumulant
2
1 I I It

K5 ~ vivsvs = v3K5 ~ 3.41077 7) E +
0.2 - . {cos(39 +39 29 29 -2¢)) (PRL 107 (2(11) 032301) *
0.3 || ® | {cos(2o +29 290 ¢ -9 ))-2{cos(29 -2¢ )Hcos(29 -9 -9 ))
C [ 4 | {cosGo +29 20 29 ¢ ))-2{cos(2p -2¢ DKcos(3¢ 29 -9 ))
-IIIIIIIIIIIIIIIIIIIIIIII‘IIIIIIIIII
0 10 20 30 40 a0 60 70

centrality percentile

the negative signs have been explained

already in Staig, ES arXiv:1008.3139 &1 — 3¢ ~ 26 =T
where phase correlation has been < cos(€] — 363 — 26) >~ 1,> 0
noticed in Glauber
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like a boiling coffe pot,the fireball may “sing” before hadronization

The “Mini-Bangs” as Signals of the QCD Phase Transition
Edward Shuryak and Pilar Staig!

New idea: shocks/sounds from Rayleigh collapse of the QGP bubbles

| 1
C —_— P (—————)
> O -
H phase 1

=> surface tension makes bubbles spherical

=> as I<Tc the QGP pressure is less than p. =>
Rayleigh collapse => energy of the bubble goes into
the outgoing shock
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like a boiling coffe pot,the fireball may “sing” before hadronization

The “Mini-Bangs” as Signals of the QCD Phase Transition
Edward Shuryak and Pilar Staig!

New idea: shocks/sounds from Rayleigh collapse of the QGP bubbles

=> surface tension makes bubbles spherical

=> as I<Tc the QGP pressure is less than p. =>
Rayleigh collapse => energy of the bubble goes into
the outgoing shock H e

d® A P®P o N O~ O o™

T [MeV]
180 200 220 240 260 280 300 320
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like a boiling coffe pot,the fireball may “sing” before hadronization

The “Mini-Bangs” as Signals of the QCD Phase Transition
Edward Shuryak and Pilar Staig!

New idea: shocks/sounds from Rayleigh collapse of the QGP bubbles

=> surface tension makes bubbles spherical

=> as I<Tc the QGP pressure is less than p. =>
Rayleigh collapse => energy of the bubble goes into
the outgoing shock H e

microscopic view:
Redlich-Karsch results higher cumulants,
which like 6-clusters just above Tc
but dislike it just below Tc

d® A P®P o N O~ O o™

T [MeV]
180 200 220 240 260 280 300 320
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Rayleigh collapse result in
emission of a shock

. 1.0+
ur =00 =R (5)
0.9-
where a dot means time derivative. It leads to a solution 08
RR? "] ‘
¢ =— " + consty(t) (6) 0.7- R\
and putting it back into Euler equation in the form (3) 0.6+
one finds at 7 = R the equation for R(t) 0.5
p(RR+ (2 —1/2)R?) = p(r = oo, t) (7) 0.4
where the (1/2) comes from the second term of (3 ) and 0.3
the r.h.s. is the driving pressure. 021
When the r.h.s. is positive the system is stable, but .
as it crosses into negative the collapse takes place. What 0.1-
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known 0 o5 1 15 3
as “the Rayleigh collapse” ) ’
R(t) ~ (t. —t)*/° (8)  FIG. 1: The time evolution of the drop radius R(t), for the
) values of n/p = 0.01..0.1 with the 0.01 step.
corresponding to the infinite velocity R ~ (t, —t)~3/°
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FIG. 2: The time evolution of the quantity |V (t)|?, enter-
ing the sound radiation intensity, for the values of n/p =
0.06, 0.07,0.08,0.09, 0.1.
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Rayleigh collapse result in

sonoluminescence exprts
emission of a shock
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ur =0r¢p =R (5)
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where a dot means time derivative. It leads to a solution 08
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¢ =— " + consty(t) (6) 0.7- R\
and putting it back into Euler equation in the form (3) 0.6+
one finds at 7 = R the equation for R(t) 0.5
p(RR+ (2 —1/2)R?) = p(r = oo, t) (7) 0.4
where the (1/2) comes from the second term of (3 ) and 0.3
the r.h.s. is the driving pressure. 0.2
When the r.h.s. is positive the system is stable, but .
as it crosses into negative the collapse takes place. What 0.1-
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known 0 o5 1 15 3
as “the Rayleigh collapse” ) ’
R(t) ~ (t. —t)*/° (8)  FIG. 1: The time evolution of the drop radius R(t), for the
) values of n/p = 0.01..0.1 with the 0.01 step.
corresponding to the infinite velocity R ~ (t, —t)~3/°
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FIG. 2: The time evolution of the quantity |V (¢)|?, enter-
ing the sound radiation intensity, for the values of n/p =
0.06, 0.07,0.08,0.09, 0.1.
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Rayleigh collapse resultin  ¢gnholuminescence exprts
emission of a shock A

) 5 a
up =00 =R (5) 1.0 ( ) shock wave bubble
0.9- ISO um
where a dot means time derivative. It leads to a solution
0.8-
RR?
¢ =— - + consta(t) (6) 0.7 \ — —- SE—
and putting it back into Euler equation in the form (3) 0.6+
one finds at 7 = R the equation for R(t) 0.5- -
. - ke
p(RR+ (2 —1/2)R") = p(r = oo, 1) (7) 0.4 B sonoluminescence pulse e
0} Sns
where the (1/2) comes from the second term of (3 ) and 0.3- %
the r.h.s. is the driving pressure. 0.2 % - IA'
When the r.h.s. is positive the system is stable, but * time
as it crosses into negative the collapse takes place. What 0.1-
was discovered by Rayleigh, even if the r.h.s. is put to (b)
zero, the equation admits simple analytic solution known 0 o5 1 15 3 100
as “the Rayleigh collapse” ) ’
80
R(t) ~ (t. —t)*/° (8)  FIG. 1: The time evolution of the drop radius R(t), for the 2
) o . values of n/p = 0.01..0.1 with the 0.01 step. @ 60
corresponding to the infinite velocity R ~ (t, —t)~3/° %
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FIG. 22. Outgoing shock wave from a collapsing bubble: (a)
3 Streak image of the emitted outgoing shock wave from the
collapsing bubble and (b) an intensity cross section along the
line AA’. From Pecha and Gompf (2000).
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FIG. 2: The time evolution of the quantity |V (¢)|?, enter-
ing the sound radiation intensity, for the values of n/p =
0.06, 0.07,0.08,0.09, 0.1.
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Rayleigh collapse resultin  ¢gnholuminescence exprts
emission of a shock A

. ; a
up =00 =R (5) 1.0 ( ) shock wave bubble
0.9 ISO pm
where a dot means time derivative. It leads to a solution
0.8
RR?
¢ - r + COnStQ (t> (6) 0'7- iﬁ m S e e e A R S B =Tl
and putting it back into Euler equation in the form (3) 0.6+
one finds at 7 = R the equation for R(t) 0.5- -
. - ke
p(RR+ (2 —1/2)R") = p(r = oo, 1) (7) 0.4 B sonoluminescence pulse e
0} Sns
where the (1/2) comes from the second term of (3 ) and 0.3- %
the r.h.s. is the driving pressure. 0.2 % - IA'
When the r.h.s. is positive the system is stable, but * time
as it crosses into negative the collapse takes place. What 0.1-
was discovered by Rayleigh, even if the r.h.s. is put to (b)
zero, the equation admits simple analytic solution known 0 o5 1 15 3 100
as “the Rayleigh collapse” ) ’
80
R(t) ~ (t. —t)*/° (8)  FIG. 1: The time evolution of the drop radius R(t), for the 2
) o . values of n/p = 0.01..0.1 with the 0.01 step. @ 60
corresponding to the infinite velocity R ~ (t, —t)~3/° =
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FIG. 22. Outgoing shock wave from a collapsing bubble: (a)
3 Streak image of the emitted outgoing shock wave from the
collapsing bubble and (b) an intensity cross section along the
line AA’. From Pecha and Gompf (2000).
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FIG. 2: The time evolution of the quantity |V (¢)|?, enter- P

ing the sound radiation intensity, for the values of n/p = T — I ev ’
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Sound propagating in rapidity direction

96(0) 1+ Dv(p) 1 |
- —— —— ikvy(p)
0p 3 cosh“(p) 3

Ivs(p) 2
= g tanh(p) vs(p) — 5(/0)

ap
Ovp(p) 2 .
= — tanh(p) v, (p) — i k 6(p)
0p 3

The temperature perturbation at freeze-out as a function of n for different r.
T
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The temperature perturbation at freeze-out as a function of n for different r.
T
10

08

0.6

Summing up those curves
one gets a double-hump
distribution
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The temperature perturbation at freeze-out as a function of 7 for differentg=

. g 0.6 Scale uncertainty: 20%
Lor 8 A@ projection in |[An| < 0.80
o 0.5 Am projection in |A¢| < 0.87
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clusters in rapidity at LHC:
first evidences for “mini-bangs’?

The temperature perturbation at freeze-out as a function of 7 for differentg=

. -E 0.6 Scale uncertainty: 20%
Loy 8 A projection in |An| < 0.80
o 0.5 An projection in |[A¢| < 0.87
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clusters in rapidity at LHC:
first evidences for “mini-bangs’?

The temperature perturbation at freeze-out as a function of 7 for differentg=

. -E 0.6 Scale uncertainty: 20%
Lor 8 A projection in |[An| < 0.80
o s0.5 An projection in [Ap| < 0.87

0.6

S
S

S
X

S
N

IIIIIIIIIIIIIIllllllllllllllll

trig

1/N . dN_._ . /dA¢ (1/rad.), dN

Summing up those curves
one gets a double-hump [

distribution A5 405 00 05 10 15
Acn Aan A0 (rad.), An
hump separation corresponds to propagation duration

of about 2 fm/c (to freezeout): makes sense at LHC
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sounds from
quenched jets
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sound from a jet on top of expanding
fireball (Gubser flow): the old Mach cone
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perturbed and
unperturbed regions
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The dashed line is that of
maximal transverse flow:

4 points are to be visible
at pt=2-4 GeV
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The angular edge of the
jets: matter inside is
few % HOTTER =>
SHOULD BE SEEN

at tuned pt

« ATLAS very high energy event, in

which there is no identifiable jet
« Tracks pt>2.6 GeV, cal. E>1GeV/cell

* Note the sharp edge of the away-side
perturbation! Is it a “frozen sound”?

Large O(100 GeV) energy deposition into the
medium should create strong shocks, and

thus a different (larger) propagation distance
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azimuthal correlation (high trigger)
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ALICE: very
preliminary:

peaks perhaps due T
to 4 points (A-B,AB’)
are there
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summary

® sounds from initial perturbations have many
harmonics => sonograms possible.freezeout,
eta/s

® Many observable many-hadron correlators =>
number of sources, nonlinearities

® Rayleigh collapse of the QGP bubble: the sound of
the QGP phase transition, possibly seen already at
LHC (RHIC does not have long enough hadronic phase lifetime)

® Mach cones from jets ? at pt=2-3 GeV jet edges
are becoming observable, perhaps on e-by-e basis
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