
Shocks in sQGP 
Edward Shuryak
(Stony Brook)

Sunday, August 12, 12



plan

Sunday, August 12, 12



plan
• strong shocks as an out-of-equilibrium but 

stationary problem in AdS/CFT. (Does  small 
viscosity imply rapid equilibraion? yes)

Sunday, August 12, 12



plan
• strong shocks as an out-of-equilibrium but 

stationary problem in AdS/CFT. (Does  small 
viscosity imply rapid equilibraion? yes)

• 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)

Sunday, August 12, 12



plan
• strong shocks as an out-of-equilibrium but 

stationary problem in AdS/CFT. (Does  small 
viscosity imply rapid equilibraion? yes)

• 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 (Do we 
see a Mach cone now? yes)
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example of a strong 
shockPressure	
  (solid	
  blue)	
  jumps	
  

down,	
  rapidity	
  (dashed)	
  up	
  

Numerical	
  example	
  which	
  
is	
  a	
  solu;on	
  of	
  the	
  NS
Equa;ons	
  (without	
  small	
  
parameters	
  or	
  expansion)

(Is	
  it	
  jus;fied?	
  What	
  about	
  
other	
  terms	
  in	
  the	
  
gradient	
  expansion?
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EE0:=simplify(eval(subs( f11(x1,r)=0.,f12(x1,r)=0.,f22(x1,r)=0.,EE)
)):
ES0:=simplify(eval(subs( f11(x1,r)=0.,f12(x1,r)=0.,f22(x1,r)=0.,ES)
));

ES0 :=
1
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AdS/CFT 
•  Weak shocks are 

basically hydro, 
can be done 
systematically, see 
1004.3803 by 
Khlebnikov,Kruczenski  
Michalogiorgakis 

•  So we jump to a strong 
case 

•  If y=const, h=const, 
A=B=0 it is a boosted 
brane 

5

> > 

> > 

(6)(6)

(5)(5)

> > 

(4)(4)

> > 

(3)(3)

> > 

x
K10 K5 0 5 10

0.1

0.2

0.3

0.4

can it be solved for very sharp shocks?
eq0:=y(x)*(y(x)-yfi)+ A*diff(y(x),x);

eq0 := y x  y x K yfi CA 
d
dx

 y x

dsolve eq0 = 0 ;

y x =
yfi

1C e
K
yfi x
A  _C1 yfi

eq1:=(1+B*diff(diff(y(x),x),x)/y(x))*y(x)*(y(x)-yfi)+ A*diff(y(x),
x);

eq1 := 1C

B 
d2

dx2
 y x

y x
 y x  y x K yfi CA 

d
dx

 y x

dsolve eq1 = 0 ;

y x = _a &where 
d

d_a
 _b _a  _b _a C

A _b _a C _a2 K _a yfi
B _aK yfi

= 0 , _a = y x ,

(6)(6)
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FIG. 3: (color online) (Upper plot) (Lower plot) Comparison
of the solutions to NS (blue dashed) and LS (black solid)
hydrodynamics , for example 2 discussed in the text.

However, the appropriate procedure should not be an
application of the LS operator to the NS solution, but
deriving a new solution to the LS equation itself. For the
example 2 we used above, with y

i

= 0.4765882094, the
relevant values are such that one gets the following LS
equation

[�y � (1/2)�y00](�y � 0.2056) + 0.2323�y0 = 0 (4.8)

(The NS one corresponds of course to the second term
in the first bracket removed). The solution of LS equa-
tion require not only the function but also its derivative
at some point: both which should be tuned to get the
correct behavior at both infinities. The resulting solu-
tion is plotted in Fig.3(b), together with the NS Fermi
function. A somewhat surprising is how much two are
close, even for a relatively strong shock example under
consideration. The conclusion from that is: LS resumed
hydrodynamics predicts, that the sum of the high gra-
dient terms is much smaller than individual ones and
basically vanish. The shock is thus one more example
of unexpectedly early onset of the NS behavior. (Other

examples recent examples include [14, 15].)

V. SHOCKS IN THE ADS/CFT

We use coordinates v, x1 = x, x2, x3, r and write the
nonzero component of the metric as

g11 = �r2fc2 + r2s2;

g12 = g21 = �r2fcs+ r2cs+A(x1, r);

g22 = �r2fs2 + r2c2 +B(x1, r);

g15 = g51 = c;

g25 = g52 = s;

g44 = g33 = r2 (5.1)

where

f = 1� h(x, r)4/r4;

c = cosh[y(x)]; s = sinh[y(x)] (5.2)

Note that we do look for a static (v-independen) solution,
depending on only 2 spatial coordinates r, x. The metric
contains 4 unknown functions.

If two functions h and y are just constants, the Einstein
equations (with appropriate cosmological constant) are
satisfied without extra function, namely for A,B = 0.
Indeed, in this case this metric is nothing else but the
black thermal AdS brane moving with the rapidity y.
What we are set to do is an interpolation between two
such solutions, with y

i

, h
i

di↵erent from y
f

, h
f

in a finite-
width region, the shock. Needless to say, the values are
to be related by the flux continuity, so that it become
possible.

In general, the Einstein equations can be easily de-
rived (e.g. by the “tensor package” of Maple), but they
look very long and discouraging. Here is for example the
simplest of them, the Ricci scalar

T and rapidity
are in h and y
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R = �(�96A2h3c2h00r2 � 96sAh3c3h00r2B � 40r8

+16scA2r4A00 � 12r6B + 4r4A2 � 4AA00r6

+16c6h4BA00A+ 32c2Br3h3(h0)

+16c4B2h3(h0)r � 12cBsr5A0

�12B0r7 + 24c4B2h3h00r2

+2c6h4B2B00 � 8AA00r4c2B + 4cr6Ȧ0

+16r2sA2ÿc3 � 4r2c5B2sÿ

+48sA2cA0r3 + 52cAB0r5s+ 8scr3h4A0

+8c2r3sAȦ+ 16c2rh4AA0 � 4c4rBh4B0

�16c4rAA0h4 � 52AA0r3c2B � 64A2h3c2(h0)r

+64A2h3c4(h0)r + 72sAcBr4 � 8sAh4r2c

�16sAc3Bh4 � 2r8B00 + 3r6ẏ2 � 3r6A02

+16A4c2 � 16A4c4 � 16sc5h4A2A00

�4sAr5ẏ � 6c2BA02r4 � 10c4Bẏ2r4

+20c3Br5ẏ + 2c2Bẏ2r4 + 16A3c3sB

+24c6B3h2(h0)2 � 4c6h4BA02 � c6h4BB02

+4c4h4BA02 + 2sr6ẏA0 � r2c4h4B02

+4r2c2h4A02 � 16rA2Ȧc3 + 16r3c5BȦ

+16A2r3c5ẏ + r4c4BB02 � 4c4h4r2A02

+4A2r2c2A02 + 16A2r2c4ẏ2

�4A2r2c2ẏ2 � 48rc4A3A0 + 48rc2A3A0 �
4r2c4A2A02 � 12r2c6A2ẏ2 + 16c5rA2Ȧ

+8c5rB2Ȧ+ 4r3c5B2ẏ � 8r3c4B2B0

�3r2c6B2ẏ2 � 3r2c4B2A02

�96r2c4BA2 + 8r5c4BB0 � r2c4B2ẏ2

+16r3c5AḂ � 56A2r3B0c4 � 4c4r4ẏȦ

+4c2r4ẏȦ� 2c3r4A0Ḃ

+12c3B2ẏr3 � 32c2r5A0A� 8A2ẏr3c3

�2r6c3ẏB0 + 2r6cẏB0 + 32r5c4AA0

�32sc5ABh3(h0)B0 � 32r2sAc3h3(h0)B0

�32r2c3BsA0h3(h0)� 2r2c4BAsẏB0

�288sAh2c3(h0)2r2B + 16c4r2Bh3(h0)B0

+64c4r2AA0h3(h0)� 64c2r2AA0h3(h0)

+4c2Bsẏr4A0 � 144sAh2c(h0)2r4

+64sA2c3A0h3(h0)� 64c4BAA0h3(h0)

�64sc5A2A0h3(h0) + 4sc5h4BA0B0

144sAc5B2h2(h0)2 + 64c6BAA0h3(h0)

�16c5B2h3s(h0)A0 + 4r4c4BsẏA0

�2r4c3BsA0B0 + 8r2c3BAA0ẏ � 24c4rsAȦB

+2r2c4BAA0B0 + 2r2c4B2sẏA0

+4r2c4BsA0Ȧ+ 2r2c5BsẏḂ

�4r2c5BAA0ẏ + 4r4sAc4ẏB0

�6r4sAc2ẏB0 � 8r2sAc3ẏȦ

�8r2sA2c2A0ẏ � 16sr4h3c(h0)A0

+12sc5r2Aẏ2B + 44sc3r3ABB0

+4sc4r2AA0Ḃ + 8sc3r2ABA02

+8sc5r2AẏȦ� 4sc3A2r2A0B0

+56sc3A2rA0B + 4sr2h4c3A0B0 � 16sc4r3BAẏ

(5.3)

�28c2BsAẏr3 � 4r6csÿ + 2r4c2h4B00

�16r2A2Ȧ0c3 � 2r4c4B2B00 � 16r2c4A3A00

�96A2h3c4h00B + 8r6h3h00 � 4r6B00c2B

�48sAh3ch00r4 � 48sAc5B2h3h00 � 8c5h4BB00sA

+8c6h4A2B00 + 8r4c3BB00sA� 8sc3h4BA00r2

�16r2c4BÿA� 16c2r2h4A00A+ 96A2h3c4h00r2

+16c4r4ÿA� 16c2r4ÿA+ 8c2A2B00r4

+16c4r2h4A00A+ 224c2A2r4 � 8c4h4A2B00

+8c6B3h3h00 � 16sr5c3BA0 � 16sr5c3AB0

+4sr6ẏA0c2 + 8r2Ac3A0Ȧ+ 4r2Ac4ẏḂ

�8r4c5AA0ẏ + 4r4c2sA0Ȧ+ 2r4c3sẏḂ

�8r2c5AA0Ȧ� 4r2c6AẏḂ + 4r4c4AA0B0

�2r4c3AsB02 � 8rc3A3B0s+ 4rc4A2B0B

+4r2c5A2ẏB0 + 96r2sAc3B2 � 8r3c4BsḂ

�4r2c6BẏȦ� 2r2c5BA0Ḃ + 24r3c4BAA0

�16rc4B2AA0 + 8c4rA2Ḃs� 4c5rAḂB

�12sc3r3B2A0 + 8r4AA0cẏ � 2sr6cA0B0

+4r2c4BẏȦ� 32r3sAȦc4 � 16A3rc2ẏs

+8A2rc3ẏB + 224r4c3BAs� 2r4c5BẏB0

�4A2r2c3ẏB0 + 8r4c2h3(h0)B0 + 4c3r4AA0ẏ

�2Ac2A0r4B0 � 288A2h2c2(h0)2r2

+288A2h2c4(h0)2r2 + 2c3Bẏr4B0 � 8c3sh4AA02

+192A3h2c3(h0)2s� 288A2h2c4(h0)2B + 32c6A2h3(h0)B0

+8c5sh4AA02 + 2c5sh4AB02 + 288c6BA2h2(h0)2

+8c6B2h3(h0)B0 � 8c6h4AA0B0 � 192sc5A3h2(h0)2

+8c4h4AA0B0 � 32A2h3c4(h0)B0 + 8sAcA02r4

+20sAc3ẏ2r4 � 40sAc2r5ẏ � 8sAcẏ2r4

+72c4B2h2(h0)2r2 + 72c2Bh2(h0)2r4

�64sAc3Bh3(h0)r + 8sr6B00cA+ 16r2c6BÿA

+192sAcr6 + 12cBr5ẏ + 4c2Bh4r2

�16scr7A0 � 20c3r3AḂ � 8c2r5sḂ

�20c2r5BB0 + 60c2A2B0r3 � 4r3c2h4B0

+96A2r2c2B � 64sAr3h3(h0)c+ 8sc3h4BA0r

+8c3sh4AB0r + 64A3h3c3h00s� 4sc5h4B2A00

�16c4h4BA00A� 7c2r6ẏ2 + r6c2B02

+24r6h2(h0)2 � 8cr5Ȧ� 4A2c4B2

�56r4c4B2 � 24r2c4B3 � 224A2r4c4

+16r2c5A2Ȧ0 � 8r4c4A2B00 + 16r2c2A3A00

+4r2c5B2Ȧ0 + 8c3r4Ȧ0B + 4c4h4Br2B00

+16r5h3(h0) + 16r7cẏ + 16c3r5Ȧ

+8c2r7B0 + 16A2c4h4 � 16A2c2h4

�12AA0r5 � 96c2Br6 � 36c2B2r4 + 4c4B2h4

+24c2Bh3h00r4 � 64sc5A3h3h00 � 16r4c2sȦ0A

�16sc4r2AȦ0B + 96c6BA2h3h00 � 16sc5r2A2ÿ

�4scr4h4A00 + 16sc3A2r2A00B � 8c3sh4Ar2B00

�8r4c3sÿB + 16sc3h4A2A00 � 4r2c4B2AA00)
1

2r2(r2 � 2csA+ c2B)3
(5.4)

Maple	
  refuses	
  to	
  even	
  display	
  the	
  expression	
  for	
  it,	
  
but	
  fortunately	
  it	
  s;ll	
  takes	
  explicit	
  func;ons	
  and	
  
evaluate/plot	
  the	
  results…	
  so	
  one
can	
  play	
  with	
  that
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where prime stands for the derivative over r and dot
stands for the derivative over x1. Substituting again
the moving brane solution one gets constant (coordinate-
independent) value R = 20, the cosmological constant to
which R should be equal to.

One can start by taking drastic simplifications: putting
extra functions to zero A,B = 0 and h(x1, r) = h(x1)
to be independent on r. This results in the following
relatively simple expression

R� 20 =
1

2r2
[�16rcosh(y)ẏ + ẏ2(7cosh(y)2 � 3)

+4cosh(y)sinh(y)ÿ] (5.5)

depending only on the rapidity profile across the shock.
Let us see what this combination is for traditional Fermi-
step solution in weak shock Example 1. Since in this case
the width of the shock is large, the square of the deriva-
tive and the second derivative are negligibly small, while
only the first term is important. With this lesson in mind,
one can return to a case with nonzero extra functions and
use linearized equations, ignoring higher derivatives in x.
This procedure leads to hydrodynamics, as one can solve
all the equations for extra function perturbatively, see
[17] for general review of the method and Refs [18, 19]
for the particular case of weak shocks.

Let us turn to strong shocks, such as our numerical
example, in which case the width of the shock is O(1)
and there is no small parameter in the problem. The
Einstein equations in full nonlinear form take pages and
are way too complicated to be presented here or solved
directly. Instead we propose to use a variational method.

Unfortunately the Einstein-Hilbert action R is not
bounded from below and cannot be used for variational
studies. The so called conformal gravity, with a squared
Weyl tensor in the Lagrangian, should work [22]. What
we propose to do is to use the covariantly squared (mod-
ified) Einstein tensor

Ē2 = Ē
mn

Ēmn, Ē
mn

= E
mn

+ 6g
mn

(5.6)

which combines all the Einstein equations (in the
AdS/CFT setting) into one (covariant scalar) combina-
tion. It is sign-definite and for a solution all components,
and thus the sum of squares, should vanish.

The equations are basically elliptic, and as such they
only need the field values on the boundary of the region
to be solved inside it. In this problem all corrections
vanish both at x ! ±1, as well as at large r. The only
tricky issue is near the nontrivial boundary of the black
hole horizon. We use as the initial input the rapidity y(x)
and pressure p(x) = h4(x) from the NS solution, which
fix the g

vv

, but allow nonzero modification functions in
other components such as g

xx

. Since it does change the
meaning of the coordinate x itself, we think this proce-
dure is su�ciently general to get to the solution.

A simple way to proceed is to do so variationally, to use
certain ansatz (assumed trial function) and substitute it
into all the equations and/or Ē2 see how close/far are

the results from the desired zero values. Evaluation of a
particular trial is performed by Maple in few seconds, in
spite of horrendously complex expressions involved.
We have used only one of the correction functions B,

and after some number of trials we came up with the
flowing ansatz for it

B(x, r) = �0.045r(1� 0.2x)exp(�.18x2) (5.7)

In Fig.4 one can see a comparison of the Ē2(x, r) for the
NS profile only (the top blue curves) with the results in-
cluding this B (the lower black curves). It is clear that
the mismatch is reduced by about factor 20 or more, in
the whole region of x, r in question. For a problem with-
out any small parameter and derivatives and functions
all being O(1), the remaining mismatch is only fraction
of a percent. We take it as a hint that we are close to
a solution, and that using other and more sophisticated
functions convergence to the true solution with better
accuracy can in fact be reached.

The appropriate standard procedure would be to dis-
cretize the functions, by introducing a grid in x1, r and
use well known relaxation methods (solving for zero) at
each point [23] : in this case one can reach arbitrary high
precision if needed.

The meaning of the correction B is seen from the fact
that it modifies the length elements along the coordinate
x

dl =
p
g
xx

dx = r
p

�fs2 + c2 +B(x, r)/r2dx (5.8)

Since B/r2 ⇠ 1/r one finds that far from the black hole
the correction is unimportant and thus at the bound-
ary this correction disappears. Near the horizon, since
the first term is small, f ⇡ 0 the second is dominant
and O(1). As the correction B is negative, it shrinks
a bit the distance across the shock. The magnitude of
B found leads to our main conclusion, that B makes a
shock few percent sharper near horizon, as it is at the
AdS boundary.
(Additional comment about a horizon. In general,

as new solution is found one has to calculate the null
geodesics in it and find their bifurcation. Note however
that for “radial” ones, with dx=0, the sign of the dr/dv
is defined by the metric components g11, g15, which do
not include the modification function B. So the line of
horizon is still given by the (lorentz transformed) h4(x)
line.)

VI. SUMMARY AND DISCUSSION

Hydrodynamics is an approximate e↵ective theory, its
local approximation relies on smallness of the gradients,
or on the assumption that the spatial scale of interest
is much larger than the “micro scale” given by viscos-
ity, mean free path etc. Very weak shocks are basically
sounds, and for them hydrodynamical assumptions are
parametrically justified, together with all the resutlts.

or the usual sum of squares
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let me try individual components
EM00 := simplify(eval(subs(f11(x1, r) = 0., f12(x1, r) = 0., EinM
[1,1]))): EM100:=simplify(eval(subs( eta(x1)=dy_sol, h(x1)=dp_sol, 
f11(x1,r)=0.,f12(x1,r)=0.,f22(x1,r)=0.,EM00))):
EM300 := eval(subs(eta(x1) = dy_sol, h(x1) = dp_sol, f22(x1, r) = -
(0.55e-1*(1-.15*x1))*exp(-.1*(x1+.9)^2)/r, EM00)): plot([subs(r = 
1, EM100), subs(r = 1, EM300)], x1 = -20 .. 20, color = [blue, 
black],linestyle = [dash, solid], axes = boxed, thickness = 2);

> > 

(3)(3)

(11)(11)

> > 

(15)(15)

> > 

x1
K20 K10 0 10 20

0

0.1
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0.4

0.5

ES3d eval subs  eta x1 = dy_sol, h x1 = dp_sol, f22 x1, r =K0.052$ 1K 0.3$x1

$
exp K0.1$ x1C 0.8 2

r
, ES00 : plot subs r = 1, ES1 , subs r = 1, ES3 , x1 =

K20 ..20, color = blue, black , linestyle = dash, solid , axes = boxed, thickness = 2 ;
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Variational result: 
one function only 

The$physical$meaning$of$B$is$correc3on$
to$the$gxx$
$
Its$ and$magnitude$imply$few$
percent$reduc3on$of$the$shock$width,$especially$
near$the$horizon$
$
Conclusions:$same$as$from$LS$resumma3on,$
Correc3ons$to$NS$are$quite$small!$

B(x,%r)%=%−0.052r(1%−%0.3x)exp[−.1(x%+%0.3)2]%%
A(x,r)=0
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Expansion)in)gradients)(colored)))))))))))
vs)the)LS)resumma9on)(black))

Red)dash=do>ed))
line)includes)all)up)
to)8)deriva9ves,)
brown)do>ed)up)to)
12)deriva9ves)
)
The)solid)line)is)the)
LS))factor))
)
)

1

1� f”/8f

(9)(9)

> > 

> > 

(8)(8)

x
K4 K2 0 2 4

K0.03

K0.02

K0.01

0

0.01

0.02

0.03

eval eq1 ;

1K
0.1250000000 

d2

dx2
 y x

y x
 y x  y x K 0.2056675408

C 0.232344182 
d
dx

 y x

dy_sol := evalf(2056675408./(9999999999.+10000000001.*exp(-
(514168852./580860455.)*x)));

dy_sol :=
2.056675408 109

9.999999999 109 C 1.000000000 1010 eK0.8851848109 x

LS=Lublinsky-Shuryak
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Figure 2: The steps involved in the extraction of the vn for 2-3 GeV fixed-pT correlation: a) the two-
dimensional correlation function (shown for |∆η| < 4.75 to reduce the fluctuations near the edge), b)
the one-dimensional ∆φ correlation function for 2 < |∆η| < 5 (re-binned into 100 bins), overlaid with
contributions from individual Fourier components as well as the sum, c) Fourier coefficient vn,n vs n,
and d) vn vs n. The bottom two panels show the full dependence of vn,n and vn on ∆η. The v1 is not
shown since it breaks the factorization from vn,n to vn of Eq. 13. The shaded bands in c)-f) indicate the
systematic uncertainties. The range 2 < pa

T
, pb
T
< 3 GeV is chosen, since collective flow is expected to

be large in this range while the pair statistics are still high.
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The sound from the initial state 
perturbations (ES,Staig: QM2011)

several harmonics is enough to draw quite complex 
pictures: sonograms of the fireball can be made

(Long propagation time till freezout  => large circles)

Sunday, August 12, 12



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

QGP

H phase
phase sparation in the ``mixed phase”
=> surface tension makes bubbles spherical
=> as T<Tc the QGP pressure is less than pH =>
Rayleigh collapse => energy of the bubble goes into
the outgoing shock

The “Mini-Bangs” as Signals of the QCD Phase Transition

Edward Shuryak and Pilar Staig1

1
Department of Physics and Astronomy, State University of New York, Stony Brook, NY 11794, USA.

sound from near Tc region in rapidity direction

I. INTRODUCTION

Production of Quark-Gluon Plasma (QGP) has been a
major goal of heavy-ion collision program at RHIC and
LHC. The observed explosion, often called “The Little
Bang” due to some parallels to the cosmological Bing
Bang, is quantitatively described by hydrodynamics. In
particular, it predicted quite accurately the radial and
elliptic flows a decade ago [? ]. Its important component
was the equation of state (EOS) including a transition
between the QGP and hadronic phases. Characteristic
“softnes” of the intermediate “mixed” phase of the pro-
cess is considered to be an indirect signature of the QCD
phase transition.

Looking for more direct signatures of the transition,
one thought about critical fluctuations. A relation be-
tween the event-by-event spread of certain observables
and thermodynamical fluctuations has been first dis-
cussed in [1], in which it was pointed out that in the near-
Tc region they are enhanced. It was then proposed to
look at the event-by-event fluctuations near the second-
order critical point [7]. This idea were discussed in many
subsequent works and was the motivation of the down-
ward energy scan program at RHIC: yet up to now the
observed fluctuations (in pt, the charge and flavor e.g.
K/⇡ ratios etc) basically are those in the hadronic res-
onance gas at freezeout. Either the critical point does
not exist in that region, or the equilibration processes
have so short relaxation timescale that all memory of the
transition passed is quickly erased.

There are many sources of the event-by-event fluctua-
tions unrelated to the phase transition. The fluctuations
of the initial conditions should result in event-by-event
fluctuations of the elliptic flow [2] and of the third and
higher harmonics [3]. The two-particle correlation func-
tions in azimuthal angle � have been extended both at
RHIC and LHC, revealing significant magnitude of the
harmonics < v2

n > for n = 2� 6 [? ]. These results con-
firm elastic properties of the matter produced and further
constraint the magnitude of its viscosities.

(There are two opposing models on the origin of these
harmonics: random Gaussian noise from the event shapes
[3] versus the “coherent sounds circles” [4–6]. The lat-
ter model get fluctuations from quasi-local perturbations,
and thus directly relates the observed power spectrum to
the sound horizon scale. The main distinction between
those is the coherence between the harmonics which can
be measured by 3 (or more) particle correlations for cen-
tral collisions [5]. )

In this paper we propose new strategy to look for crit-

ical event-by-event fluctuations, using the sound they
emit. In order for it to succeed, one needs elas-
tic/hydrodinamical properties of matter to be main-
tained for some time, between their origination and the
final (kinetic) freezeout. This can be motivated as fol-
lows: The stronger the interaction in the media, the more
it prevents (quasi)particles from propagating, the more
ideal the fluid becomes and the sound mode gets less ab-
sorbed.

Generation of the sound, radiated while crossing the
phase transitions, is a well known phenomenon in various
settings: everyone heard the sounds from a near-boiling
pot. While the QCD phase transition is a cross-over,
it is close to the 1st order one, and formation of inho-
mogeneous intermediate state in the near-Tc region is
highly probable. If so, the following sequence of events
has to follow: (i) the surface tension should lead those
regions to near-spherical “QGP drops”, (ii) their subse-
quent Rayleigh collapse and (iii) their energy is partly
transfered into the outgoing shocks (see Fig.??). We
therefore now suggest to look for the sounds circles at

freezeout generated by these hypothetical “mini-Bangs”,
as we will call them.

It would be important for what follows to note, that
the initial state perturbations are believed to be rapidity
independent, and thus their studies were restricted to
the transverse plane and the angle �. Idea: use rapidity
direction rather than phi. Small circles not reaching the
boundary and show only one peak. Initial state is eta-
independent so let us use eta direction

II. DROP’S COLLAPSE AND SOUND
FORMATION

A. The Rayleigh collapse

This section is given for self-consistency of the paper,
it contains well known material worked out by people
working on sonoluminescence, for a review see e. g. [? ].

We start by reminding the derivation of the “Rayleigh
l.h.s.” from Euler hydro equations

⇢[@t~u + (~u~r)~u] = �~rp

@t⇢ + ~r(⇢~u) = 0 (1)

The first standard steps are assumption of the spherical
symmetry of the flow and introduction of the flow poten-
tial

~u = ~r�(r, t) (2)
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and stripping o↵ the gradient, so that the first Euler
equation looks

⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn

~r2�� 1
c2

@2
t � =

u

c2
(@tu� @rh) (4)

Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)

where a dot means time derivative. It leads to a solution

� = � ṘR2

r
+ const2(t) (6)

and putting it back into Euler equation in the form (3)
one finds at r = R the equation for R(t)

⇢(R̈R + (2� 1/2)Ṙ2) = p(r =1, t) (7)

where the (1/2) comes from the second term of (3 ) and
the r.h.s. is the driving pressure.

When the r.h.s. is positive the system is stable, but
as it crosses into negative the collapse takes place. What
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known
as “the Rayleigh collapse”

R(t) ⇠ (t⇤ � t)2/5 (8)

corresponding to the infinite velocity Ṙ ⇠ (t⇤ � t)�3/5

at t = t⇤. Needless to say, large velocity is incompatible
with condition of small u << c and the near-collapse
stage should be treated separately.

B. The role of the viscosity and the sound
radiation

The first dissipative e↵ect we will study is the viscosity,
introduced by standard Navier-Stokes term in the r.h.s.

R̈R + (3/2)Ṙ2 = �4⌘Ṙ

⇢R
(9)

Solving this equation with variable value of the viscos-
ity reveals its critical magnitude capable to prevent the
Rayleigh collapse. As seen in Fig.2, in which we have
shown the solutions with increasing values of ⌘ ⇤ T/⇢,
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so, the viscosity 0.8 which is twice son, reduces the radius by a factor 10, or volume by a factor 1000: 

nothing is left. All goes into radiation

let me now change it a bit calculating the sound radiation rate from those curves

RR := (1-t)^0.4; diff(RR,t); diff(diff(RR,t),t);

RR := 1K t
0.4

K
0.4

1K t
0.6

K
0.24

1K t
1.6

ok, now I introduce various r.h.s.,e.g. some volume and surface ones: should be balanced at radius 1

eta:=0.08; sys:={ R1(t)=diff(R(t),t), R2(t)=diff(R1(t),t), R2(t)*R
(t)+(3/2)*R1(t)^2=-4*eta*R1(t)/R(t),              R(0)=1,R1(0)=
-0.4, R2(0)=-.24}; 

FIG. 1: The time evolution of the drop radius R(t), for the

values of ⌘/⇢ = 0.01..0.1 with the 0.01 step.

the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])

I =
⇢

4⇡c
|V̈ |2 (10)

In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound

� = �1(t)� 1
r
F (t� r/c) ⇡ �1(t)� 1

r
F (t) +

1
c
Ḟ (11)

where, as before F (t) = ṘR2, one finds a contribution to

2

and stripping o↵ the gradient, so that the first Euler
equation looks

⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn

~r2�� 1
c2

@2
t � =

u

c2
(@tu� @rh) (4)

Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)
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the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])
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In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.
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cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.
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the “self-force” induced by the sound radiation directly,
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r007 := PLOT ...

eta d 0.06; sysd  R1 t = diff R t , t , R2 t = diff R1 t , t , R2 t *R t C 3 / 2

*R1 t ^2 =K4 * eta *R1 t /R t ,  R 0 = 1, R1 0 =K0.4, R2 0 =K.24 :  sol4

d dsolve sys, numeric, output = listprocedure : Fun4d eval R t , sol4 : Fun41

d eval R1 t , sol4 : Fun42d eval R2 t , sol4 : r006d plot rad, 0 ..2.2 ;

 

! := 0.06

r006 := PLOT ...

display r006, r007, r008, r009, r01 ;
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FIG. 2: The time evolution of the quantity | ¨V (t)|2, enter-

ing the sound radiation intensity, for the values of ⌘/⇢ =

0.06, 0.07, 0.08, 0.09, 0.1.

the r.h.s. of the main equation to be

⇢(R̈R + (3/2)Ṙ2) = ... +
⇢

c

d2

dt2
(
dR

dt
R2) (12)

Using the Rayleigh collapse solution one can see that
it is very singular term. As it is the case with other
self-force applications, having small terms with higher
derivative prone to spurious a-causal solutions, so this
equation is to be treated with care. Yet the main answer
is clear: the energy of the collapsing bubble is transfered
into the outgoing shock/sound wave. These shocks have
been seen directly for collapsing bubbles: their speed tells
us about the compression factor reached.

III. THE PROPAGATION OF THE SOUND ON
TOP OF EXPANDING FIREBALL

d2�(⇢)
d⇢2

� 2tanh(⇢)
3

d�(⇢)
d⇢

+
k2

3
�(⇢) = 0 (13)

why the clusters studied at RHIC have Gaussian
shape? Can it be because of the transition from y to
pseudorapidity?

comparison

IV. SUMMARY AND DISCUSSION

In this paper we
(i) have assumed that during passing of the T ⇡ Tc re-
gion of the QCD phase transition some inhomogeneous
intermediate state of matter is reached, resulting in for-
mation of the “QGP drops” ;

Hadron Correlations Measured with ALICE - Jan Fiete Grosse-Oetringhaus 11 

•  The lowest pT bin shows a structure with a flat top in Δη%
•  This feature is reproduced by AMPT 

•  Qualitative and quantitative agreement of peak shapes 
with AMPT compatible with hypothesis of interplay of jets 
with the flowing bulk 

Departure from Gaussian 
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See talk by Andreas Morsch (Mon 15:40) 

FIG. 3:

(ii) had shown that they likely to undergo the Rayleigh
collapse
(iii) converting a fraction of its energy into an outgoing
shock/sound pulse (called the mini-bang)
(iv) which by the time still left till final freezeout (up
to �⌧ ⇠ 3fm) generate sound circles of the size c�⌧ ⇠
1.2fm. We further proposed that such circles can be seen
as the double-peaked structures in the rapidity direction.

Our two motivations suggest that at near-Tc proper
time the sound is emitted: yet the success is not guaran-
teed because it can still get dissipated before freezeout.
Indeed, the “perfect liquid” properties of the matter are
known for QGP, not so much for the late-stages hadronic
matter.

Global hydrodynamics tells us that it corresponds to
the proper time ⌧(Tc)/RT =(1.0-1.5) at RHIC energyp

s ⇠ 200 GeV and (1.5-2) at the LHC
p

s ⇠ 3 TeV .
The time available for their propagation

�⌧ = ⌧(freezeout)� ⌧(Tc) (14)

is ???

V. APPENDIX A: THE JACOBIAN DIP

There is the so called “Jacobian dip” in the pseudo-
rapidity ⌘ = (1/2)ln((p + Pl)/(p � Pl)) distribution as
opposed to true rapidity y = (1/2)ln((E +Pl)/(E�Pl)):
indeed

dy

d⌘
=

1p
1 + m2/(ptcosh(⌘)2

(15)

but neither the magnitude nor the width of the observed
dip can be explained by it.
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induced end of the collapse. What one can see from those
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certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound

� = �1(t)� 1
r
F (t� r/c) ⇡ �1(t)� 1

r
F (t) +
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c
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where, as before F (t) = ṘR2, one finds a contribution to
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and stripping o↵ the gradient, so that the first Euler
equation looks

⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn
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Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)

where a dot means time derivative. It leads to a solution

� = � ṘR2

r
+ const2(t) (6)

and putting it back into Euler equation in the form (3)
one finds at r = R the equation for R(t)

⇢(R̈R + (2� 1/2)Ṙ2) = p(r =1, t) (7)

where the (1/2) comes from the second term of (3 ) and
the r.h.s. is the driving pressure.

When the r.h.s. is positive the system is stable, but
as it crosses into negative the collapse takes place. What
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known
as “the Rayleigh collapse”

R(t) ⇠ (t⇤ � t)2/5 (8)

corresponding to the infinite velocity Ṙ ⇠ (t⇤ � t)�3/5

at t = t⇤. Needless to say, large velocity is incompatible
with condition of small u << c and the near-collapse
stage should be treated separately.

B. The role of the viscosity and the sound
radiation

The first dissipative e↵ect we will study is the viscosity,
introduced by standard Navier-Stokes term in the r.h.s.

R̈R + (3/2)Ṙ2 = �4⌘Ṙ

⇢R
(9)

Solving this equation with variable value of the viscos-
ity reveals its critical magnitude capable to prevent the
Rayleigh collapse. As seen in Fig.2, in which we have
shown the solutions with increasing values of ⌘ ⇤ T/⇢,
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so, the viscosity 0.8 which is twice son, reduces the radius by a factor 10, or volume by a factor 1000: 

nothing is left. All goes into radiation

let me now change it a bit calculating the sound radiation rate from those curves
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ok, now I introduce various r.h.s.,e.g. some volume and surface ones: should be balanced at radius 1
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(t)+(3/2)*R1(t)^2=-4*eta*R1(t)/R(t),              R(0)=1,R1(0)=
-0.4, R2(0)=-.24}; 

FIG. 1: The time evolution of the drop radius R(t), for the

values of ⌘/⇢ = 0.01..0.1 with the 0.01 step.

the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])

I =
⇢

4⇡c
|V̈ |2 (10)

In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound
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FIG. 2: The time evolution of the quantity | ¨V (t)|2, enter-

ing the sound radiation intensity, for the values of ⌘/⇢ =

0.06, 0.07, 0.08, 0.09, 0.1.

the r.h.s. of the main equation to be

⇢(R̈R + (3/2)Ṙ2) = ... +
⇢

c

d2

dt2
(
dR

dt
R2) (12)

Using the Rayleigh collapse solution one can see that
it is very singular term. As it is the case with other
self-force applications, having small terms with higher
derivative prone to spurious a-causal solutions, so this
equation is to be treated with care. Yet the main answer
is clear: the energy of the collapsing bubble is transfered
into the outgoing shock/sound wave. These shocks have
been seen directly for collapsing bubbles: their speed tells
us about the compression factor reached.

III. THE PROPAGATION OF THE SOUND ON
TOP OF EXPANDING FIREBALL

d2�(⇢)
d⇢2

� 2tanh(⇢)
3

d�(⇢)
d⇢

+
k2

3
�(⇢) = 0 (13)

why the clusters studied at RHIC have Gaussian
shape? Can it be because of the transition from y to
pseudorapidity?

comparison

IV. SUMMARY AND DISCUSSION

In this paper we
(i) have assumed that during passing of the T ⇡ Tc re-
gion of the QCD phase transition some inhomogeneous
intermediate state of matter is reached, resulting in for-
mation of the “QGP drops” ;
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FIG. 3:

(ii) had shown that they likely to undergo the Rayleigh
collapse
(iii) converting a fraction of its energy into an outgoing
shock/sound pulse (called the mini-bang)
(iv) which by the time still left till final freezeout (up
to �⌧ ⇠ 3fm) generate sound circles of the size c�⌧ ⇠
1.2fm. We further proposed that such circles can be seen
as the double-peaked structures in the rapidity direction.

Our two motivations suggest that at near-Tc proper
time the sound is emitted: yet the success is not guaran-
teed because it can still get dissipated before freezeout.
Indeed, the “perfect liquid” properties of the matter are
known for QGP, not so much for the late-stages hadronic
matter.

Global hydrodynamics tells us that it corresponds to
the proper time ⌧(Tc)/RT =(1.0-1.5) at RHIC energyp

s ⇠ 200 GeV and (1.5-2) at the LHC
p

s ⇠ 3 TeV .
The time available for their propagation

�⌧ = ⌧(freezeout)� ⌧(Tc) (14)

is ???

V. APPENDIX A: THE JACOBIAN DIP

There is the so called “Jacobian dip” in the pseudo-
rapidity ⌘ = (1/2)ln((p + Pl)/(p � Pl)) distribution as
opposed to true rapidity y = (1/2)ln((E +Pl)/(E�Pl)):
indeed

dy

d⌘
=

1p
1 + m2/(ptcosh(⌘)2

(15)

but neither the magnitude nor the width of the observed
dip can be explained by it.
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as well as evaporation/condensation of water vapor (see
Sec. III), and the (local) driving pressure Pa is very sen-
sitive to perturbations of the flask geometry, such as
might be caused by a small hydrophone attempting to
measure Pa . In addition, the precision of such a hydro-
phone is limited to roughly 0.05 bar.

The standard procedure has been to measure R(t)
with Mie scattering3 and then to fit the data to Rayleigh-
Plesset-type dynamics by adjusting R0 and Pa . A typical
trace for a sonoluminescing bubble’s radius during a
cycle of the drive is shown in Fig. 21. The filled circles
represent experimental measurements, and the solid line
is a solution to the Keller equation under the assump-
tion of isothermal heating (!!1). Superimposed as a
thin line is the applied forcing pressure.

The problem with these fits is that R0 and Pa sensi-
tively depend on model details. In particular, if one ad-
justs R0 and Pa such that the bubble’s maximum is well
fitted, the afterbounces are always overestimated (see
Fig. 21). Better fits can be achieved by allowing more
parameters, e.g., by allowing the material constants such
as the viscosity or the surface tension to vary. Barber
et al. (1992), for example, used seven times the usual
value of the viscosity of water to achieve a fit to the
afterbounces. As clarified by Prosperetti and Hao
(1999), the larger viscosity effectively parametrizes other
damping mechanisms not captured in simple Rayleigh-
Plesset-type models. In particular, Prosperetti and Hao
(1999) included thermal losses, following Prosperetti
(1991), reducing the size of the afterbounces. Yasui
(1995) had some success by introducing thermal bound-
ary layers as well.

Another effect that must be considered when fitting
experimental R(t) curves to Rayleigh-Plesset models is
the invasion of water vapor at bubble maximum. This
leads to a varying ambient radius R0 over the bubble
cycle, being largest at maximum radius. Since many
early fits of R(t) curves (summarized by Barber et al.,
1997) did not consider these effects, the resulting values
for R0 and Pa are only approximate.

Mie scattering data near the collapse are also notori-
ously difficult to interpret because of the unknown index
of refraction inside the compressed bubble and because
the bubble radius R becomes of the order of the light
wavelength. The simple proportionality of Mie intensity
and R2, valid for larger R , gets lost and the relation
even becomes nonmonotonic (Gompf and Pecha, 2000).
Moreover, at collapse, the light is reflected not only from
the bubble wall, but also from the shock wave emitted
from the bubble at collapse. This subject will be treated
in the next subsection.

Another light-scattering technique based on differen-
tial measurement and polarization (differential light
scattering) has been developed by Vacca et al. (1999) in

order to measure the dynamics of the bubble radius.
With this technique a time resolution of up to 0.5 ns
around the Rayleigh collapse has been achieved.

F. Sound emission from the bubble

The Rayleigh-Plesset equation predicts the response
not only of the bubble radius, but also of the surround-
ing liquid. This has been detected by Cordry (1995),
Holzfuss, Rüggeberg, and Billo (1998), Matula et al.
(1998), Wang et al. (1999), Gompf and Pecha (2000),
Pecha and Gompf (2000), and Weninger et al. (2000).
Matula et al. (1998) used a piezoelectric hydrophone to
measure a pressure pulse with fast rise time (5.2 ns) and
high amplitude (1.7 bars) at a transducer at 1-mm dis-
tance from the bubble. Wang et al. (1999) carried out a
systematic study of the strength and duration of the
pressure pulses as a function of gas concentration, driv-
ing pressure, and liquid temperature. They demon-
strated that a probe 2.5 mm from the bubble observes
pressure pulses with rise times varying from 5 to 30 ns as
the driving pressure and dissolved gas concentration
vary. The amplitude of the pressure pulses varies be-
tween 1 and 3 bars.

Another study of this type was carried out by Pecha
and Gompf (2000; Gompf and Pecha, 2000). They mea-
sured pressure amplitudes and rise times consistent with
the other measurements, and were able to measure the
pressure pulse much closer (within 50 "m) to the
bubble. In addition, using a streak camera and shadow-
graph technique, they visualized the shock wave leaving
the bubble (see Fig. 22). Pecha and Gompf (2000) found

3See, for instance, the work of Gaitan, 1990; Barber et al.,
1992, 1997; Gaitan et al., 1992; Lentz et al., 1995; Weninger,
Barber, and Putterman, 1997; Matula, 1999; Gompf and Pecha,
2000; Pecha and Gompf, 2000; Weninger et al., 2000.

FIG. 22. Outgoing shock wave from a collapsing bubble: (a)
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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and stripping o↵ the gradient, so that the first Euler
equation looks

⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn

~r2�� 1
c2

@2
t � =

u

c2
(@tu� @rh) (4)

Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)

where a dot means time derivative. It leads to a solution

� = � ṘR2

r
+ const2(t) (6)

and putting it back into Euler equation in the form (3)
one finds at r = R the equation for R(t)

⇢(R̈R + (2� 1/2)Ṙ2) = p(r =1, t) (7)

where the (1/2) comes from the second term of (3 ) and
the r.h.s. is the driving pressure.

When the r.h.s. is positive the system is stable, but
as it crosses into negative the collapse takes place. What
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known
as “the Rayleigh collapse”

R(t) ⇠ (t⇤ � t)2/5 (8)

corresponding to the infinite velocity Ṙ ⇠ (t⇤ � t)�3/5

at t = t⇤. Needless to say, large velocity is incompatible
with condition of small u << c and the near-collapse
stage should be treated separately.

B. The role of the viscosity and the sound
radiation

The first dissipative e↵ect we will study is the viscosity,
introduced by standard Navier-Stokes term in the r.h.s.

R̈R + (3/2)Ṙ2 = �4⌘Ṙ

⇢R
(9)

Solving this equation with variable value of the viscos-
ity reveals its critical magnitude capable to prevent the
Rayleigh collapse. As seen in Fig.2, in which we have
shown the solutions with increasing values of ⌘ ⇤ T/⇢,
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so, the viscosity 0.8 which is twice son, reduces the radius by a factor 10, or volume by a factor 1000: 

nothing is left. All goes into radiation

let me now change it a bit calculating the sound radiation rate from those curves

RR := (1-t)^0.4; diff(RR,t); diff(diff(RR,t),t);

RR := 1K t
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ok, now I introduce various r.h.s.,e.g. some volume and surface ones: should be balanced at radius 1

eta:=0.08; sys:={ R1(t)=diff(R(t),t), R2(t)=diff(R1(t),t), R2(t)*R
(t)+(3/2)*R1(t)^2=-4*eta*R1(t)/R(t),              R(0)=1,R1(0)=
-0.4, R2(0)=-.24}; 

FIG. 1: The time evolution of the drop radius R(t), for the

values of ⌘/⇢ = 0.01..0.1 with the 0.01 step.

the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])

I =
⇢

4⇡c
|V̈ |2 (10)

In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound

� = �1(t)� 1
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where, as before F (t) = ṘR2, one finds a contribution to
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and stripping o↵ the gradient, so that the first Euler
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⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn
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Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)

where a dot means time derivative. It leads to a solution
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and putting it back into Euler equation in the form (3)
one finds at r = R the equation for R(t)

⇢(R̈R + (2� 1/2)Ṙ2) = p(r =1, t) (7)

where the (1/2) comes from the second term of (3 ) and
the r.h.s. is the driving pressure.

When the r.h.s. is positive the system is stable, but
as it crosses into negative the collapse takes place. What
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known
as “the Rayleigh collapse”

R(t) ⇠ (t⇤ � t)2/5 (8)

corresponding to the infinite velocity Ṙ ⇠ (t⇤ � t)�3/5

at t = t⇤. Needless to say, large velocity is incompatible
with condition of small u << c and the near-collapse
stage should be treated separately.

B. The role of the viscosity and the sound
radiation

The first dissipative e↵ect we will study is the viscosity,
introduced by standard Navier-Stokes term in the r.h.s.

R̈R + (3/2)Ṙ2 = �4⌘Ṙ

⇢R
(9)

Solving this equation with variable value of the viscos-
ity reveals its critical magnitude capable to prevent the
Rayleigh collapse. As seen in Fig.2, in which we have
shown the solutions with increasing values of ⌘ ⇤ T/⇢,
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the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])

I =
⇢

4⇡c
|V̈ |2 (10)

In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound
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d eval R1 t , sol4 : Fun42d eval R2 t , sol4 : r006d plot rad, 0 ..2.2 ;
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FIG. 2: The time evolution of the quantity | ¨V (t)|2, enter-

ing the sound radiation intensity, for the values of ⌘/⇢ =

0.06, 0.07, 0.08, 0.09, 0.1.

the r.h.s. of the main equation to be

⇢(R̈R + (3/2)Ṙ2) = ... +
⇢

c

d2

dt2
(
dR

dt
R2) (12)

Using the Rayleigh collapse solution one can see that
it is very singular term. As it is the case with other
self-force applications, having small terms with higher
derivative prone to spurious a-causal solutions, so this
equation is to be treated with care. Yet the main answer
is clear: the energy of the collapsing bubble is transfered
into the outgoing shock/sound wave. These shocks have
been seen directly for collapsing bubbles: their speed tells
us about the compression factor reached.

III. THE PROPAGATION OF THE SOUND ON
TOP OF EXPANDING FIREBALL

d2�(⇢)
d⇢2

� 2tanh(⇢)
3

d�(⇢)
d⇢

+
k2

3
�(⇢) = 0 (13)

why the clusters studied at RHIC have Gaussian
shape? Can it be because of the transition from y to
pseudorapidity?

comparison

IV. SUMMARY AND DISCUSSION

In this paper we
(i) have assumed that during passing of the T ⇡ Tc re-
gion of the QCD phase transition some inhomogeneous
intermediate state of matter is reached, resulting in for-
mation of the “QGP drops” ;
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(ii) had shown that they likely to undergo the Rayleigh
collapse
(iii) converting a fraction of its energy into an outgoing
shock/sound pulse (called the mini-bang)
(iv) which by the time still left till final freezeout (up
to �⌧ ⇠ 3fm) generate sound circles of the size c�⌧ ⇠
1.2fm. We further proposed that such circles can be seen
as the double-peaked structures in the rapidity direction.

Our two motivations suggest that at near-Tc proper
time the sound is emitted: yet the success is not guaran-
teed because it can still get dissipated before freezeout.
Indeed, the “perfect liquid” properties of the matter are
known for QGP, not so much for the late-stages hadronic
matter.

Global hydrodynamics tells us that it corresponds to
the proper time ⌧(Tc)/RT =(1.0-1.5) at RHIC energyp

s ⇠ 200 GeV and (1.5-2) at the LHC
p

s ⇠ 3 TeV .
The time available for their propagation

�⌧ = ⌧(freezeout)� ⌧(Tc) (14)

is ???

V. APPENDIX A: THE JACOBIAN DIP

There is the so called “Jacobian dip” in the pseudo-
rapidity ⌘ = (1/2)ln((p + Pl)/(p � Pl)) distribution as
opposed to true rapidity y = (1/2)ln((E +Pl)/(E�Pl)):
indeed

dy

d⌘
=

1p
1 + m2/(ptcosh(⌘)2

(15)

but neither the magnitude nor the width of the observed
dip can be explained by it.
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as well as evaporation/condensation of water vapor (see
Sec. III), and the (local) driving pressure Pa is very sen-
sitive to perturbations of the flask geometry, such as
might be caused by a small hydrophone attempting to
measure Pa . In addition, the precision of such a hydro-
phone is limited to roughly 0.05 bar.

The standard procedure has been to measure R(t)
with Mie scattering3 and then to fit the data to Rayleigh-
Plesset-type dynamics by adjusting R0 and Pa . A typical
trace for a sonoluminescing bubble’s radius during a
cycle of the drive is shown in Fig. 21. The filled circles
represent experimental measurements, and the solid line
is a solution to the Keller equation under the assump-
tion of isothermal heating (!!1). Superimposed as a
thin line is the applied forcing pressure.

The problem with these fits is that R0 and Pa sensi-
tively depend on model details. In particular, if one ad-
justs R0 and Pa such that the bubble’s maximum is well
fitted, the afterbounces are always overestimated (see
Fig. 21). Better fits can be achieved by allowing more
parameters, e.g., by allowing the material constants such
as the viscosity or the surface tension to vary. Barber
et al. (1992), for example, used seven times the usual
value of the viscosity of water to achieve a fit to the
afterbounces. As clarified by Prosperetti and Hao
(1999), the larger viscosity effectively parametrizes other
damping mechanisms not captured in simple Rayleigh-
Plesset-type models. In particular, Prosperetti and Hao
(1999) included thermal losses, following Prosperetti
(1991), reducing the size of the afterbounces. Yasui
(1995) had some success by introducing thermal bound-
ary layers as well.

Another effect that must be considered when fitting
experimental R(t) curves to Rayleigh-Plesset models is
the invasion of water vapor at bubble maximum. This
leads to a varying ambient radius R0 over the bubble
cycle, being largest at maximum radius. Since many
early fits of R(t) curves (summarized by Barber et al.,
1997) did not consider these effects, the resulting values
for R0 and Pa are only approximate.

Mie scattering data near the collapse are also notori-
ously difficult to interpret because of the unknown index
of refraction inside the compressed bubble and because
the bubble radius R becomes of the order of the light
wavelength. The simple proportionality of Mie intensity
and R2, valid for larger R , gets lost and the relation
even becomes nonmonotonic (Gompf and Pecha, 2000).
Moreover, at collapse, the light is reflected not only from
the bubble wall, but also from the shock wave emitted
from the bubble at collapse. This subject will be treated
in the next subsection.

Another light-scattering technique based on differen-
tial measurement and polarization (differential light
scattering) has been developed by Vacca et al. (1999) in

order to measure the dynamics of the bubble radius.
With this technique a time resolution of up to 0.5 ns
around the Rayleigh collapse has been achieved.

F. Sound emission from the bubble

The Rayleigh-Plesset equation predicts the response
not only of the bubble radius, but also of the surround-
ing liquid. This has been detected by Cordry (1995),
Holzfuss, Rüggeberg, and Billo (1998), Matula et al.
(1998), Wang et al. (1999), Gompf and Pecha (2000),
Pecha and Gompf (2000), and Weninger et al. (2000).
Matula et al. (1998) used a piezoelectric hydrophone to
measure a pressure pulse with fast rise time (5.2 ns) and
high amplitude (1.7 bars) at a transducer at 1-mm dis-
tance from the bubble. Wang et al. (1999) carried out a
systematic study of the strength and duration of the
pressure pulses as a function of gas concentration, driv-
ing pressure, and liquid temperature. They demon-
strated that a probe 2.5 mm from the bubble observes
pressure pulses with rise times varying from 5 to 30 ns as
the driving pressure and dissolved gas concentration
vary. The amplitude of the pressure pulses varies be-
tween 1 and 3 bars.

Another study of this type was carried out by Pecha
and Gompf (2000; Gompf and Pecha, 2000). They mea-
sured pressure amplitudes and rise times consistent with
the other measurements, and were able to measure the
pressure pulse much closer (within 50 "m) to the
bubble. In addition, using a streak camera and shadow-
graph technique, they visualized the shock wave leaving
the bubble (see Fig. 22). Pecha and Gompf (2000) found

3See, for instance, the work of Gaitan, 1990; Barber et al.,
1992, 1997; Gaitan et al., 1992; Lentz et al., 1995; Weninger,
Barber, and Putterman, 1997; Matula, 1999; Gompf and Pecha,
2000; Pecha and Gompf, 2000; Weninger et al., 2000.

FIG. 22. Outgoing shock wave from a collapsing bubble: (a)
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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and stripping o↵ the gradient, so that the first Euler
equation looks

⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn

~r2�� 1
c2

@2
t � =

u

c2
(@tu� @rh) (4)

Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)

where a dot means time derivative. It leads to a solution

� = � ṘR2

r
+ const2(t) (6)

and putting it back into Euler equation in the form (3)
one finds at r = R the equation for R(t)

⇢(R̈R + (2� 1/2)Ṙ2) = p(r =1, t) (7)

where the (1/2) comes from the second term of (3 ) and
the r.h.s. is the driving pressure.

When the r.h.s. is positive the system is stable, but
as it crosses into negative the collapse takes place. What
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known
as “the Rayleigh collapse”

R(t) ⇠ (t⇤ � t)2/5 (8)

corresponding to the infinite velocity Ṙ ⇠ (t⇤ � t)�3/5

at t = t⇤. Needless to say, large velocity is incompatible
with condition of small u << c and the near-collapse
stage should be treated separately.

B. The role of the viscosity and the sound
radiation

The first dissipative e↵ect we will study is the viscosity,
introduced by standard Navier-Stokes term in the r.h.s.

R̈R + (3/2)Ṙ2 = �4⌘Ṙ

⇢R
(9)

Solving this equation with variable value of the viscos-
ity reveals its critical magnitude capable to prevent the
Rayleigh collapse. As seen in Fig.2, in which we have
shown the solutions with increasing values of ⌘ ⇤ T/⇢,
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so, the viscosity 0.8 which is twice son, reduces the radius by a factor 10, or volume by a factor 1000: 

nothing is left. All goes into radiation

let me now change it a bit calculating the sound radiation rate from those curves

RR := (1-t)^0.4; diff(RR,t); diff(diff(RR,t),t);

RR := 1K t
0.4

K
0.4

1K t
0.6

K
0.24

1K t
1.6

ok, now I introduce various r.h.s.,e.g. some volume and surface ones: should be balanced at radius 1

eta:=0.08; sys:={ R1(t)=diff(R(t),t), R2(t)=diff(R1(t),t), R2(t)*R
(t)+(3/2)*R1(t)^2=-4*eta*R1(t)/R(t),              R(0)=1,R1(0)=
-0.4, R2(0)=-.24}; 

FIG. 1: The time evolution of the drop radius R(t), for the

values of ⌘/⇢ = 0.01..0.1 with the 0.01 step.

the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])

I =
⇢

4⇡c
|V̈ |2 (10)

In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound

� = �1(t)� 1
r
F (t� r/c) ⇡ �1(t)� 1

r
F (t) +

1
c
Ḟ (11)

where, as before F (t) = ṘR2, one finds a contribution to

2

and stripping o↵ the gradient, so that the first Euler
equation looks

⇢@t� + (@r�)2/2 = �p (3)

Using dp/d⇢ = c2, dh = dp/⇢ (h is enhtalpy, and c is the
sound velocity, not the speed of light taken to be 1) one
gets a single eqn
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Now comes the crucial step: if all flows are slow
compared to c, only the Laplacian term matters. It
provides simple Coulomb-like solution to the potential
� ⇠ const1/r + const2. The constants are time depen-
dent and can be matches to the boundary conditions of
the problem. One of them is at the bubble wall: if its
location is some function of time R(t), the condition is

ur = @r� = Ṙ (5)

where a dot means time derivative. It leads to a solution

� = � ṘR2

r
+ const2(t) (6)

and putting it back into Euler equation in the form (3)
one finds at r = R the equation for R(t)

⇢(R̈R + (2� 1/2)Ṙ2) = p(r =1, t) (7)

where the (1/2) comes from the second term of (3 ) and
the r.h.s. is the driving pressure.

When the r.h.s. is positive the system is stable, but
as it crosses into negative the collapse takes place. What
was discovered by Rayleigh, even if the r.h.s. is put to
zero, the equation admits simple analytic solution known
as “the Rayleigh collapse”

R(t) ⇠ (t⇤ � t)2/5 (8)

corresponding to the infinite velocity Ṙ ⇠ (t⇤ � t)�3/5

at t = t⇤. Needless to say, large velocity is incompatible
with condition of small u << c and the near-collapse
stage should be treated separately.

B. The role of the viscosity and the sound
radiation

The first dissipative e↵ect we will study is the viscosity,
introduced by standard Navier-Stokes term in the r.h.s.

R̈R + (3/2)Ṙ2 = �4⌘Ṙ

⇢R
(9)

Solving this equation with variable value of the viscos-
ity reveals its critical magnitude capable to prevent the
Rayleigh collapse. As seen in Fig.2, in which we have
shown the solutions with increasing values of ⌘ ⇤ T/⇢,
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so, the viscosity 0.8 which is twice son, reduces the radius by a factor 10, or volume by a factor 1000: 

nothing is left. All goes into radiation

let me now change it a bit calculating the sound radiation rate from those curves
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ok, now I introduce various r.h.s.,e.g. some volume and surface ones: should be balanced at radius 1

eta:=0.08; sys:={ R1(t)=diff(R(t),t), R2(t)=diff(R1(t),t), R2(t)*R
(t)+(3/2)*R1(t)^2=-4*eta*R1(t)/R(t),              R(0)=1,R1(0)=
-0.4, R2(0)=-.24}; 

FIG. 1: The time evolution of the drop radius R(t), for the

values of ⌘/⇢ = 0.01..0.1 with the 0.01 step.

the collapse can be stopped by viscosity, providing “soft
landing”, from the value of the ratio > 0.6. The for
smaller values it goes into a singularity which stops the
numerical solver.

The second e↵ect is the sound radiation. For a
spherical source with a time-dependent volume V (t) =
(4⇡/3)R(t)3 the intensity of its radiation is (textbooks
such as [? ])

I =
⇢

4⇡c
|V̈ |2 (10)

In Fig.2 we plot the time evolution of the volume acceler-
ation squared for five trajectories with smooth viscosity-
induced end of the collapse. What one can see from those
figures is that the sound radiation has a sharp peak at
certain moment, which becomes much more pronounced
and then infinite, as the viscosity is reduced. This peak
is the “mini-bang” we are discussing in this paper.

The review [? ] on sonoluminiscence includes dis-
cussion of the shock waves produced by the collapsing
air bubbles in water. Their observed velocities (about
4 km/c) are well beyond the speed of sound in water
c = 1.43km/s, and suggested high pressure in the range
40-60 kbar. Those values correlate with reduction of the
bubble’s volume by huge factors, up to ⇠ 106 and emis-
sion of light, indicating high T ⇠ 1ev (thus the name
of sonoluminiscence). These experiments had further
observed high e�ciency O(1/2) of energy transfer into
sound.

It is methodically interesting (see refs in [? ]) to derive
the “self-force” induced by the sound radiation directly,
which is analogous to the Abraham-Lorentz reaction-to-
light radiation. Including in � the outhoing sound

� = �1(t)� 1
r
F (t� r/c) ⇡ �1(t)� 1

r
F (t) +

1
c
Ḟ (11)

where, as before F (t) = ṘR2, one finds a contribution to
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r007 := PLOT ...

eta d 0.06; sysd  R1 t = diff R t , t , R2 t = diff R1 t , t , R2 t *R t C 3 / 2

*R1 t ^2 =K4 * eta *R1 t /R t ,  R 0 = 1, R1 0 =K0.4, R2 0 =K.24 :  sol4

d dsolve sys, numeric, output = listprocedure : Fun4d eval R t , sol4 : Fun41

d eval R1 t , sol4 : Fun42d eval R2 t , sol4 : r006d plot rad, 0 ..2.2 ;
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FIG. 2: The time evolution of the quantity | ¨V (t)|2, enter-

ing the sound radiation intensity, for the values of ⌘/⇢ =

0.06, 0.07, 0.08, 0.09, 0.1.

the r.h.s. of the main equation to be

⇢(R̈R + (3/2)Ṙ2) = ... +
⇢

c

d2

dt2
(
dR

dt
R2) (12)

Using the Rayleigh collapse solution one can see that
it is very singular term. As it is the case with other
self-force applications, having small terms with higher
derivative prone to spurious a-causal solutions, so this
equation is to be treated with care. Yet the main answer
is clear: the energy of the collapsing bubble is transfered
into the outgoing shock/sound wave. These shocks have
been seen directly for collapsing bubbles: their speed tells
us about the compression factor reached.

III. THE PROPAGATION OF THE SOUND ON
TOP OF EXPANDING FIREBALL

d2�(⇢)
d⇢2

� 2tanh(⇢)
3

d�(⇢)
d⇢

+
k2

3
�(⇢) = 0 (13)

why the clusters studied at RHIC have Gaussian
shape? Can it be because of the transition from y to
pseudorapidity?

comparison

IV. SUMMARY AND DISCUSSION

In this paper we
(i) have assumed that during passing of the T ⇡ Tc re-
gion of the QCD phase transition some inhomogeneous
intermediate state of matter is reached, resulting in for-
mation of the “QGP drops” ;
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(ii) had shown that they likely to undergo the Rayleigh
collapse
(iii) converting a fraction of its energy into an outgoing
shock/sound pulse (called the mini-bang)
(iv) which by the time still left till final freezeout (up
to �⌧ ⇠ 3fm) generate sound circles of the size c�⌧ ⇠
1.2fm. We further proposed that such circles can be seen
as the double-peaked structures in the rapidity direction.

Our two motivations suggest that at near-Tc proper
time the sound is emitted: yet the success is not guaran-
teed because it can still get dissipated before freezeout.
Indeed, the “perfect liquid” properties of the matter are
known for QGP, not so much for the late-stages hadronic
matter.

Global hydrodynamics tells us that it corresponds to
the proper time ⌧(Tc)/RT =(1.0-1.5) at RHIC energyp

s ⇠ 200 GeV and (1.5-2) at the LHC
p

s ⇠ 3 TeV .
The time available for their propagation

�⌧ = ⌧(freezeout)� ⌧(Tc) (14)

is ???

V. APPENDIX A: THE JACOBIAN DIP

There is the so called “Jacobian dip” in the pseudo-
rapidity ⌘ = (1/2)ln((p + Pl)/(p � Pl)) distribution as
opposed to true rapidity y = (1/2)ln((E +Pl)/(E�Pl)):
indeed

dy

d⌘
=

1p
1 + m2/(ptcosh(⌘)2

(15)

but neither the magnitude nor the width of the observed
dip can be explained by it.
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In this file we look into some results obtained for late time perturbations.

From expressions (108) and (109) in arXiv: 1012.1314 we get the following system of differential equations:

(1)

!dHrL

! r
=
l Hl + 1L nsHrL

3 cosh2HrL
-

1

3
Â k nhHrL

!nsHrL

! r
=

2

3
tanhHrL nsHrL - dHrL

!nhHrL

! r
=

2

3
tanhHrL nhHrL - Â k dHrL

This system cannot be solved analytically so, since we will be working in the discrete case, we need to redifine kØ
2 p
L k

l=0 case

All k,l,m
ü Perturbation at r = 0, ti =6.02041

The temperature perturbation at freeze-out as a function of h for different r.
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hump separation corresponds to propagation duration 
of about 2 fm/c (to freezeout): makes sense at LHC
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sound from a jet on top of expanding 
fireball (Gubser flow): the old Mach cone
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ALICE: very 
preliminary: 
peaks perhaps due 
to 4 points (A-B,A’B’) 
are there  
 
 

Jet/Fireball Edge should be observable!

Edward Shuryak

Department of Physics and Astronomy, State University of New York, Stony Brook, NY 11794
(Dated: January 26, 2011)

Shock/sound propagation from the quenched jets have well-defined front, separating the fireball
into regions which are and are not a�ected. While even for the most robust jet quenching observed
this increases local temperature and flow of ambient matter by only few percent at most, strong
radial flow increases the contrast between the two regions so that the di�erence should be well seen
in particle spectra at some pt, perhaps even on event-by-event basis. We further show that the e�ect
comes mostly from certain ellipse-shaped 1-d curve, the intercept of three 3-d surfaces, the Mach
cone history, the timelike and spacelike freezeout surfaces. We further suggest that this “edge” is
already seen in an event released by ATLAS collaboration.

PACS numbers:

I. INTRODUCTION OF THE IDEA

Observation of jets at RHIC are limited to the trans-
verse energy in the range 20-30 GeV, which is quite
di⇥cult because of large and strongly fluctuating back-
ground. Therefore most of the studies has been based
on the two and three-hadron correlation functions. Fur-
thermore, for hadrons mostly studies their transverse mo-
menta are in the range of several GeV, where contribu-
tions from hard jets and the tail of hydrodynamical flow is
hard to separate uniquely. With the “Little Bang” arriv-
ing at LHC in November 2010, the situation has changed
since at LHC much higher energy jets are available, for
which triggering on jets works well. The first glimpse of
what is to come has been spectacularly demonstrated by
ATLAS collaboration in their first heavy ion paper [1]
devoted to jet quenching. Now the trigger jets have the
transverse energy E� > 100GeV : excellent calorimeter
of ATLAS make standard jet finding algorithms to work
well. The distribution over lost energy were found to
be very sensitive to centrality, and for central collisions
significant part of jet energy is lost, in some events com-
pletely.

In the present paper we turn to discussion of perturba-
tions of the “Little Bang” by the energy deposited by jets.
As evidenced by the enhanced radial and elliptic flows [2]
, overall hydrodynamical picture seem to work at LHC
as well as at RHIC. Once the energy is deposited into the
medium by the jet, it will result in shock/sound pertur-
bations in the shape of the Mach cone [3, 4], similar e.g.
to lightning and thunder. The present paper points out
that very strong radial flow allows one to significantly
simplify the problem, by focussing only the overlap of
the Mach (lifeline) 3d surface with the time-like and the
space-like freezeout surfaces.

The main idea to be presented is based on two very
simple geometrical observations:
(i) whatever complicated distorsions of the Mach cone in
exploding matter may appear, the observed spectra come
mostly from its intersection with the fireball space-time
boundary known as a freezeout surface.
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FIG. 1: Schematic shape of the Mach surface in the transverse
x, y plane at z = 0 and fixed time (upper plot), as well as its
shape in 3d including the (proper longitudinal) time (lower
plot). Mach surface �M is made of two parts, OCAA�T and
OCBB�T . For more explanations see text.

(ii) Furthermore, because of the Hubble-like nature of
the radial flow, the e�ect is strongly peaked at the in-
tersection of all three surfaces, the Mach surface ⇥M ,
the timelike and spacelike freezeout surfaces, denoted by
⇥t,⇥s respectively.
Since each 3-d surface is one equation in 4-d space-

time, the intersection of three of them are (two) 4-3=1-
d lines, �C , �T , to be specified below. It is those lines
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summary
• strong shocks: out-of-equilibrium but stationary 

problem. LS hydro and ADS/CFT confirm small 
corrections to Navier-Stokes

• sounds from initial perturbations have many 
harmonics => sonogramms possible

• shocks and Mach cones from jets are becoming 
observable

• Rayleigh collapse of the QGP bubble: the sound of 
the QGP phase transition ?
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The$angular$edge$of$the$
jets:$ma3er$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�? 

2

FIG. 1: Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet, and
with high energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2.6 GeV
and applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the
hadronic calorimeter) the recoil can be seen dispersed widely over azimuth.

|�| < 3.2. The hadronic calorimetry in the range |�| < 1.7
is provided by a sampling calorimeter made of steel and
scintillating tiles. In the end-caps (1.5 < |�| < 3.2),
LAr technology is also used for the hadronic calorime-
ters, matching the outer |�| limits of the electromag-
netic calorimeters. To complete the � coverage, the LAr
forward calorimeters provide both electromagnetic and
hadronic energy measurements, extending the coverage
up to |�| = 4.9. The calorimeter (�,⇥) granularities are
0.1 � 0.1 for the hadronic calorimeters up to |�| = 2.5
(except for the third layer of the Tile calorimeter, which
has a segmentation of 0.2�0.1 up to |�| = 1.7), and then
0.2� 0.2 up to |�| = 4.9. The EM calorimeters are longi-
tudinally segmented into three compartments and feature
a much finer readout granularity varying by layer, with
cells as small as 0.025�0.025 extending to |�| = 2.5 in the
middle layer. In the data taking period considered, ap-
proximately 187,000 calorimeter cells (98% of the total)
were usable for event reconstruction.

The bulk of the data reported here were triggered
using coincidence signals from two sets of Minimum
Bias Trigger Scintillator (MBTS) detectors, positioned
at z = ±3.56 m, covering the full azimuth between
2.09 < |�| < 3.84 and divided into eight ⇥ sectors and two
� sectors. Coincidences in the Zero Degree Calorimeter
and LUCID luminosity detectors were also used as pri-
mary triggers, since these detectors were far less suscep-
tible to LHC beam backgrounds. These triggers have a
large overlap and are close to fully e⌅cient for the events
studied here.

In the o⇧ine analysis, events are required to have a
time di⇤erence between the two sets of MBTS counters
of �t < 3 ns and a reconstructed vertex to e⌅ciently
reject beam-halo backgrounds. The primary vertex is
derived from the reconstructed tracks in the Inner De-
tector (ID), which covers |�| < 2.5 using silicon pixel and

strip detectors surrounded by straw tubes. These event
selection criteria have been estimated to accept over 98%
of the total lead-lead inelastic cross section.

The level of event activity or “centrality” is character-
ized using the total transverse energy (⇥ET ) deposited
in the Forward Calorimeters (FCAL), which cover 3.2 <
|�| < 4.9, shown in Fig. 2. Bins are defined in centrality
according to fractions of the total lead-lead cross sec-
tion selected by the trigger and are expressed in terms of
percentiles (0-10%, 10-20%, 20-40% and 40-100%) with
0% representing the upper end of the ⇥ET distribution.
Previous heavy ion experiments have shown a clear cor-
relation of the ⇥ET with the geometry of the overlap
region of the colliding nuclei and, correspondingly, the
total event multiplicity. This is verified in the bottom
panel of Fig. 2 which shows a tight correlation between
the energy flow near mid-rapidity and the forward ⇥ET .
The forward ⇥ET is used for this analysis to avoid biasing
the centrality measurement with jets.

Jets have been reconstructed using the infrared-safe
anti-kt jet clustering algorithm [8] with the radius pa-
rameter R = 0.4. The inputs to this algorithm are “tow-
ers” of calorimeter cells of size ����⇥ = 0.1� 0.1 with
the input cells weighted using energy-density dependent
factors to correct for calorimeter non-compensation and
other energy losses. Jet four-momenta are constructed
by the vectorial addition of cells, treating each cell as an
(E, ⇤p) four-vector with zero mass.

The jets reconstructed using the anti-kt algorithm con-
tain a mix of genuine jets, as well as jet-sized patches
of the underlying event. The distinction between signal
and background jets is defined by means of a discriminant
based on the jet constituent towers, D = ET (max)/⇥ET ⇤,
the ratio of the maximum tower energy over the mean
tower energy. The cut value Dcut = 5 is chosen from
simulation studies, and the results have been tested to
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Large O(100 GeV) energy deposition into the 
medium should create strong shocks, and 

thus a different (larger) propagation distance 
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