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“While throwing stones into the 
pond, watch carefully the circles 
they make, or else this occupation 
is meaningless” K.Prutkov  



Increased elliptic and radial flows, as well as 
increased HBT radii/volume are all  
supporting “Hydro1”, the “Little Bang” 



More about CMB 
fluctuations 

The same scale is seen in CMB 
and correlations of the galaxies: 

All correspond to Sound Horizon, 
The distance sound travel before 
neutralization 



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 

They are literally circles on the 
sky, around primordial density 
perturbations  

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

Cylindrical (extended in z) 
at FO surface tau=2R and 
sound velocisty is ½ => radius 
is about R   => 
Azimutal harmonics m=1,3,5… 

Perhaps shumerians had managed to see them somehow….,                            
why else had they introduced 1o?!



Visible shape of the 
sound (at freezeout, 
boosted by radial flow)  

•  The blue line is how 
asimuthal distribution 
would look like for 
sound cylinders, double 
peak because of two 
points where the circle 
crosses the FO surface 

•  The circles were found 
and studied by 
Hama,Grassi et al in 

•  Event-by-event hydro 

Peak at +- 1 rad, 60o? 



Two new fundamental scales, 
describing fluctuations at freezeout 

(P.Staig,ES) 

1.The sound horizon: 
radius 

For the Big Bang it was introduced  
by Sunyaev-Zeldovich about 40 years 
ago,  was observed in CMB and 
galaxy correlations,  
 it is about 150 Mps  2.The viscous horizon:     

The width of the circle 

cylinders 

cones 



Comoving coordinates with Gubser flow: 
Gubser and Yarom, arXiv:1012.1314 



harmonics l=1..10, deltaT and 
velocity 

 lhs (rho=-2) is initiation time and FO time is around zero 
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Viscosity (dashed) hardly affect 
The 1st harmoics but kills the 10th  



HERE IS THE SUM OF        
all (actually 30) HARMONICS 



The modified freezeout 
Surface (right) leads to 
A modified angular distribution 
Of particles, with and without viscosity 
(left) 
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FIG. 2: (Color online) Background-subtracted azimuthal angle di!erence distributions for associated particles with pT between
1.0 and 2.5 GeV/c and for di!erent ranges of trigger particle pT , ranging from 2.5! 3.0 GeV/c (left column) to 6! 10 GeV/c
(right column). Results are shown for Au+Au collisions (solid circles) with di!erent centrality (rows) and d+Au reference
results (open circles). The rapidity range is |!| < 1 and as a result the rapidity-di!erence |"!| < 2. Open red squares show
results for a restricted acceptance of |"!| < 0.7, using tracks within |!| < 1. The solid and dashed histograms show the upper
and lower range of the systematic uncertainty due to the v2 modulation of the subtracted background.

pends on passocT and ptrigT . The measured jet-like yield

in d+Au collisions increases faster with ptrigT (going from
left to right in Fig. 3) than in Au+Au collisions, reduc-
ing the relative size of the enhancement in Au+Au. The
associated yield decreases with increasing passocT for both
d+Au and Au+Au collisions, but the decrease is stronger
in Au+Au, so that the measured yields in Au+Au ap-

proach the d+Au results at the highest passocT . A sum-
mary of the yields is presented in Fig. 6 (Section IVC).

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at 2.5 < passocT < 4.0 GeV/c (bottom row of
Fig. 3), where a broadening is seen, while the yield is
smaller than in d+Au. For 6 < ptrigT < 10 GeV/c (right-

Left:4 pi eta/s=0,1,1.5 
Note shape change 

Up:star central correlators 
Note shape agreement 
No parameters, just Green 
Function from a delta function 





The angular edge of 
the jets: matter inside 
is few % HOTTER => 
 SHOULD BE SEEN 
at tuned pt 

•  ATLAS 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“? 



Summary  
• LHC/ALICE sees large (30% larger) elliptic (and radial) flows, 
exactly as Hydro 1 predicted already 10 years ago!                   => 
QGP  remains a very good liquid! 

• Hydro 2: Quantitative analytic theory in the linear approximation 
=>  Green function from a point perturbation (for Gubser flow)  
Reproduces the correlators beautifully, best with viscosity   
So,we see the sound circle! 

• “Tiny Bangs” on top of the “Little Bang”, from the initial state 
fluctuations are responsible for odd (1,3,5) harmonics, as seen 
In standard Glauber studies. Phases of higher harmonics can be 
measured e.g. in 3-particle correlators! 

• Large energy deposition to matter from LHC jets make the inside 
of the Mach cone a bit hotter. Jet/fireball edge should be visible,  
• Even perhaps on event-by-event basis 



Fluctuations from Glauber       
B. Alver, G. Roland, Phys.Rev.C81:054905,2010.  

e-Print: arXiv:1003.0194 [nucl-th] => triangular flow paper 

•  εmn=< rm cos(n(φ-ψmn))> 
•  The dipole ε11=0 by definition but not ε31

•  Are angles of different harmonics 
correlated? Odd ones are quite 
correlated ψ31, ψ33, ψ55 pointing in y 
direction, to the tips of the almond 

•  (Pilar Staig,  ES, archive:1008.3139, aug.18th, 2010 ) 

Later in analytic  
Part m=>l n=>m 



• The odds are all correlated!  
There are “tips” and ”waist” peaks geometry 

tells us that peripheral events should  be 
both 2- and 3-peaks 

tips waists 

2- and 3-peak events 
can be 
Experimentally  
Separated by the 
relative phase of the 
3ed and 1st 
harmonics 



The sound cylinders and two peaks are 
also seen by Brazilian group (Andrade, Grassi et al) 



The peaks are at the same angles   
+- 1 rad (as I got) from perturbation 

but +-2 rad in correlations 



Geometric acoustics can describe 
modification of shapes by flow 

Relativistic flow brings in Lorentz factor,  
easily solvable numerically: e.g. 



Glauber fluctuations up to 6th are all 
comparable 



Distribution of the angles 
1st : tips and waist 

3ed and 5th 
Uncorrelated? 
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How to do phase-sensitive 
measurements? 

•  Central collisions: 2 vs 3 particles 



Non-central collisions, no 
integral => n1+2=n2, such as 

1+2=3,3+2=5 

experiment 

hydro 

Glauber               
(or other initial  
state model) 

“tips” => all 
angles 
are about 90o 


