
A	
  condensed	
  ma+er	
  approach	
  to	
  dynamic	
  systems	
  
at	
  the	
  micrometer	
  and	
  femtometer	
  scales	
  

Interna5onal	
  Conference	
  on	
  New	
  Fron5ers	
  in	
  Physics	
  -­‐	
  Crete	
  -­‐	
  August	
  2013	
  -­‐	
  M.A.	
  Lisa	
   1	
  

Mike	
  Lisa	
  	
  
Ohio	
  State	
  University	
  

A	
  Tale	
  of	
  Two	
  Programs	
  



Outline	
  

•  Introduc)on	
  to	
  micro-­‐explosions	
  –	
  RHIC’s	
  big	
  brother	
  

•  Energy	
  dependence	
  of	
  the	
  anisotropic	
  freezeout	
  shape	
  
•  micro-­‐explosions	
  
•  femto-­‐explosions	
  

•  connec5on	
  to	
  QGP	
  viscosity	
  

•  Geometric	
  substructure	
  of	
  the	
  shocked	
  region,	
  specia)on	
  
•  femto-­‐explosions	
  
•  micro-­‐explosions	
  

•  Blast	
  crea)on	
  of	
  exo)c,	
  new	
  forms	
  of	
  confined	
  maAer	
  
•  micro-­‐explosions	
  
•  femto-­‐exploa5ons	
  

•  Summary	
  

Interna5onal	
  Conference	
  on	
  New	
  Fron5ers	
  in	
  Physics	
  -­‐	
  Crete	
  -­‐	
  August	
  2013	
  -­‐	
  M.A.	
  Lisa	
   2	
  



Interna5onal	
  Conference	
  on	
  New	
  Fron5ers	
  in	
  Physics	
  -­‐	
  Crete	
  -­‐	
  August	
  2013	
  -­‐	
  M.A.	
  Lisa	
   3	
  

Big	
  bang	
  

The Early Universe, Kolb & Turner 

T
he

rm
od

yn
am

ic
 d

eg
en

er
ac

y 
fa

ct
or

 
QCD 

Transition 

femto	
  bangs	
  



Interna5onal	
  Conference	
  on	
  New	
  Fron5ers	
  in	
  Physics	
  -­‐	
  Crete	
  -­‐	
  August	
  2013	
  -­‐	
  M.A.	
  Lisa	
   4	
  

Big	
  bang	
   femto	
  bangs	
  
But	
  it’s	
  not	
  really	
  condensed	
  ma+er	
  physics.	
  
	
  
Can	
  such	
  a	
  short-­‐lived,	
  dynamic	
  system	
  be	
  used	
  to	
  
probe	
  the	
  phase	
  diagram?	
  
	
  
Is	
  there	
  a	
  similar	
  case	
  where	
  this	
  is	
  done?	
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  Thursday	
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“Universal”	
  ellip5c	
  flow	
  	
  
of	
  strongly-­‐interac5ng	
  systems	
  

	
  
Sensi5vity	
  to	
  phase	
  structure?	
  
	
  
Differences	
  (besides	
  size,	
  temperature):	
  
•  5mescale	
  

•  ini5al	
  state:	
  violent	
  vs	
  prepared	
  
•  thermaliza5on?	
  

•  homo-­‐	
  vs	
  hetero-­‐geneous	
  

•  technique:	
  “movie	
  versus	
  postmortem”	
  

Ultra-­‐cold	
  atomic	
  gas	
   (model	
  of)	
  heavy	
  ion	
  collision	
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Extremely	
  high	
  pressures	
  (∼10  TPa)	
  and	
  temperatures	
  (5×105  K)	
  have	
  been	
  produced	
  using	
  a	
  single	
  
laser	
  pulse	
  (100	
  nJ,	
  800	
  nm,	
  200	
  fs)	
  focused	
  inside	
  a	
  sapphire	
  crystal.	
  The	
  laser	
  pulse	
  creates	
  an	
  
intensity	
  over	
  1014 	
   W/cm2	
  conver5ng	
  material	
  within	
  the	
  absorbing	
  volume	
  of	
  ~0.2  μm3	
  into	
  
plasma	
  in	
  a	
  few	
  fs.	
  A	
  pressure	
  of	
  ∼10  TPa,	
  far	
  exceeding	
  the	
  strength	
  of	
  any	
  material,	
  is	
  created	
  
genera5ng	
  strong	
  shock	
  and	
  rarefac5on	
  waves.	
  This	
  results	
  in	
  the	
  forma5on	
  of	
  a	
  nanovoid	
  
surrounded	
  by	
  a	
  shell	
  of	
  shock-­‐affected	
  material	
  inside	
  undamaged	
  crystal.	
  Analysis	
  of	
  the	
  size	
  of	
  
the	
  void	
  and	
  the	
  shock-­‐affected	
  zone	
  versus	
  the	
  deposited	
  energy	
  shows	
  that	
  the	
  experimental	
  
results	
  can	
  be	
  understood	
  on	
  the	
  basis	
  of	
  conserva5on	
  laws	
  and	
  be	
  modeled	
  by	
  plasma	
  
hydrodynamics.	
  Ma+er	
  subjected	
  to	
  record	
  hea5ng	
  and	
  cooling	
  rates	
  of	
  1018  K/s	
  can,	
  thus,	
  be	
  
studied	
  in	
  a	
  well-­‐controlled	
  laboratory	
  environment.	
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• energy	
  quickly	
  deposited	
  
•  transi5on	
  to	
  deconfined	
  (plasma)	
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• hydrodynamic	
  expansion	
  
• cool	
  back	
  to	
  confined	
  (atomic)	
  phase	
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the voids and carried out atomic force microscope !AFM"
measurement. The AFM image in Fig. 1!d" directly shows
the existence of the voids.

To study the axial dimension of the void dots, the sample
was rotated by 90° around the X axis after fabrication. Figure
1!d" shows the axial dimension of the void dots fabricated at
various depths. The power and the exposure time were fixed
at 500 mW and 10 ms, respectively. It can be seen that each
dot has a small tail, just like a tadpole. The nonspherical void
dots indicate strong distortion of the focal point inside the
sample. The reason is a strong spherical aberration effect
which is caused by the large refractive index mismatch
!#0.7" between the crystal !2.2" and the immersion oil
!1.52".17,18 Due to the spherical aberration, the peak intensity
at the focal region decreases at a larger depth, and therefore
the size of the void decreases.

To produce a 3D array of voids, for example, a photonic
band gap structure, one must find a way to generate uniform
voids at different depths. By choosing the laser power
slightly above the threshold, we have fabricated quasispheri-
cal voids. Figure 2!a" shows the axial dimension of two
voids dots fabricated with different power levels at a depth of
approximately 40 !m in the Y direction. The left void was
fabricated with a power of 380 mW that is slightly above the
threshold of 350 mW at this depth, while the right void was
fabricated with a power of 500 mW. In can be seen that the
left side dot is much smaller and much spherical. This result
indicates that one can fabricate small quasispherical void
dots at different depths by carefully choosing the laser light
power. To demonstrate this concept, we fabricated some
voids at different depths by choosing the power approxi-
mately 30 mW above the threshold, as shown in Fig. 2!c".
Although there is still a slightly elongation in the fabrication
direction, the voids are much spherical and uniform than
those in Fig. 1!d". Similar phenomena were also observed in
the Z direction, as shown in Figs. 2!b" and 2!d". For PhCs,
the consistency between the voids would be crucial and
therefore the laser power must be controlled more accurately.

Due to the refractive index mismatch induced spherical
aberration,17,18 the peak intensity at the focal region de-
creases when the laser beam is focused deeper. Thus, to get
quasispherical voids at a larger depth, one has to increase the
power of the input laser light. Figure 2!e" shows the maxi-

mum fabrication depth as a function of the input laser power
in the Y and Z directions. One can see that, for a given
power, the maximum fabrication depth in the Y direction is
much larger than that in the Z direction. For example, at a
power of 650 mW, the maximum fabrication depth in the Y
direction is 115.5 !m, while that in the Z direction is only
28.5 !m, which is approximately one-forth of the maximum
depth in the Y direction.

Now let us turn to the effect of the input power on the
transverse size of the voids. As shown in Fig. 3!a", the trans-
verse diameters of the voids in the Y direction at a given
depth of 30 !m are almost unchanged !about 1.1 !m" when
the input power is from 300 to 400 mW. At a higher power
of 475 and 525 mW, the size of the voids increases dramati-
cally to approximately 2.2 !m. But the surfaces of the voids
seem not smooth and some cracks near the voids can be
observed because the stress surrounding the voids produced
by such high power exceeds the endurance of the crystal. In
the Z direction, similar phenomena are observed for a given
depth of 10 !m, as shown in Fig. 3!b". The diameter of the
void is approximately 1.25 !m with the power from
332 to 390 mW. Further increase the power to 420 mW, the
diameter of the void jumps to 2.2 !m. The most left void at
the power of 420 mW is much smaller than other voids at
this power but very similar to the voids at a lower power.
This feature indicates that 420 mW is a threshold to generate
large void with a diameter of 2.3 !m. The transverse diam-
eters as a function of the input power in the Y and Z direction
are plotted out in Fig. 3!c". Figures 2!e" and 3!c" indicate that
as long as the threshold condition is satisfied, one can fabri-
cate the voids that exhibit well-confined size in both axial
and transverse directions.

Unlike the microexplosion process in the polymers,10

there is no obvious change in the size of the voids for the
exposure time between 5 ms !the minimum response limit of
the shutter" and 100 ms in both the Y and Z directions of the
LiNbO3 crystal, as shown in Figs. 3!d" and 3!e". A possible
reason is that the void is generated by the first one or several
pulses. The following pulses are scattered by the void and
therefore do not contribute to the volume of the void.

FIG. 2. !a", !c" Comparison of voids fabricated near threshold !left void" and
far beyond threshold !right void" for the Y and Z directions, respectively;
!b", !d" transmission image of void dots at different depths fabricated near
threshold in the Y and Z directions, respectively; !e" maximum fabrication
depths as a function of input power in the Y and Z directions. FIG. 3. !a", !b" Confocal transmission images of voids fabricated with dif-

ferent input powers in the Y and Z directions, respectively; !c" transverse
diameters of the voids as a function of the input power in the Y and Z
directions; !d", !e" transmission images of voids fabricated with different
exposure times in the Y and Z directions, respectively.

241107-2 G. Zhou and M. Gu Appl. Phys. Lett. 87, 241107 !2005"
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RHIC	
  BES-­‐I	
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  region	
  
dictated	
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  the	
  scale	
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  (not	
  highest	
  energy	
  possible)	
  

F.	
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  [hep-­‐lat]!
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STAR,	
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  (2004)	
  

“No-­‐flow	
  formula”	
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  good	
  within	
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  30%	
  (low	
  pT)	
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STAR	
  BES	
  results	
  [prelim]	
  

•  no	
  non-­‐monotonic	
  or	
  threshold	
  behaviour	
  

•  remarkably	
  (depressingly)	
  consistent	
  with	
  predic5on	
  using	
  sov	
  hadronic	
  EoS	
  with	
  
realis5c	
  freezeout	
  

•  But	
  results	
  may	
  provide	
  the	
  key	
  to	
  something	
  at	
  least	
  as	
  fundamental...	
  (next)	
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  Ma+er	
  2012	
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What about the LHC?

Elliptic flow 10% larger at LHC:
Stronger initial push due to 

higher density

Comparison to state-of-the-art 
hydro calculations suggests: 

η/s(LHC) ~ η/s(RHIC) 

Song, Heinz et al, PANIC 2011

ALICE data

v2	
  

v2	
  

Ellip5c	
  flow	
  in	
  a	
  viscous	
  hydro	
  	
  

2	
  fm/c	
  

4	
  fm/c	
  

8	
  fm/c	
  

6	
  fm/c	
  

0	
  fm/c	
  

Plasma	
  
hydrodynamics	
  

Ko
lb
	
  &
	
  H
ei
nz
	
  2
00
1	
  

22	
  

Heinz,	
  Chen,	
  Song,	
  arXiv:1108.5323	
  



Interna5onal	
  Conference	
  on	
  New	
  Fron5ers	
  in	
  Physics	
  -­‐	
  Crete	
  -­‐	
  August	
  2013	
  -­‐	
  M.A.	
  Lisa	
  

η: Shear viscosity
Large shear viscosity → transport 
of momentum across fluid layers

+ Equation 
of State

+ initial 
conditions

H.
	
  K
ow

al
sk
i,	
  
T.
	
  L
ap
pi
	
  a
nd

	
  R
.	
  V

en
ug
op

al
an
,	
  P
hy
s.
Re

v.
Le
+
.	
  1
00
:0
22
30
3	
  
	
  

+	
  ini5al	
  condi5ons	
  
(nontrivial!)	
  

+	
  Equa5on	
  of	
  State	
  
(fundamental)	
  

η:	
  Shear	
  viscosity	
  
Large	
  η	
  =	
  transport	
  of	
  momentum	
  across	
  fluid	
  layers	
  

23	
  



Interna5onal	
  Conference	
  on	
  New	
  Fron5ers	
  in	
  Physics	
  -­‐	
  Crete	
  -­‐	
  August	
  2013	
  -­‐	
  M.A.	
  Lisa	
  

Figure from: Kolb, P. & Heinz, U. in QuarkﾐGluon	
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  arXiv:0711.0656	
  [hep-­‐lat]!

QCD thermodynamics I Frithjof Karsch
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Figure 4: The ratio p/ε as function of the fourth root of the energy density obtained from calculations with
the p4fat3 action on lattices with temporal extentNτ = 4 and 6. Also shown is the velocity of sound extracted
from a fit to p/ε [6] and using Eq. 2.2.The dashed curve at low energies shows the results for p/ε calculated
in a hadron resonance gas model (HRG).

with simulations that have been performed with the asqtad action on a smaller physical volume,
V 1/3T = 2 [5]. Results from the latter calculation are also shown in Fig. 3. The asqtad action
has quite a different cut-off dependence at high temperature, it uses non-perturbatively improved
(tadpole) couplings and also incorporates a more sophisticated smearing of 1-link terms in the
staggered action to reduce flavor symmetry breaking effects. The good agreement between asqtad
and p4fat3 simulations thus suggests that these features only play a minor role in the common
temperature range explored in both calculations, 150MeV<

∼T<
∼400MeV.

The results shown in Fig. 3 have been obtained in calculations with a physical strange quark
mass and light quark masses that are about (2-2.5) times larger than in nature. This difference is of
no significance at high temperature as the quark masses are small in units of the temperature3. It
may, however, play a role in the low temperature hadronic phase. From the experience gained in
simulations with different light quark masses [7, 8] it is to expected that the region of sudden rise
in the trace anomaly as well as the entropy density shifts to somewhat smaller temperatures in the
case of physical quark mass values. Cut-off effects will lead to a similar effect. This deserves a
further careful analysis (see also disccusion in part II [11]).

2.2.2 Equation of state and velocity of sound

For the description of the expansion of dense matter created in heavy ion collisions, in partic-
ular its hydrodynamic modeling, the temperature dependence of bulk thermodynamic observables
is not of direct interest. It is more relevant to get good control over the dependence of the pressure
on the energy density, p(ε), and deduce from this the velocity of sound,

c2s =
dp
dε

= ε
dp/ε
dε

+
p
ε

. (2.2)

3The renormalization group invariant light quark mass for the calculations performed with the p4fat3 action has
been estimated to be mRGI = 8.0(4) MeV [6].
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How well does QGP liquid flow?

η/s:
Shear viscosity/
Entropy Density 
(dimensionless)

≈λ
m

Teaney 2003 RHIC Au+Au

Romatschke 2009

RHIC Au+Au

Heinz et al, 2011

1/4π < η/s < 2.5 x 1/4π

Large contribution to 
uncertainty from initial 

geometry
RHIC Au+Au

Ambiguity	
  of	
  ini5al	
  configura5on	
  
remain	
  a	
  primary	
  source	
  of	
  uncertainty	
  

Song	
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STAR	
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MC-­‐KLN	
  η/s	
  =	
  0.2	
  
MC-­‐Glauber	
  η/s	
  =	
  0.08	
  

Shen	
  and	
  Heinz	
  (PRC85	
  054902	
  (2012))	
  

•  Two	
  ini5al-­‐state/viscosity	
  combina5ons	
  that	
  give	
  degenerate	
  results	
  in	
  azimuthal	
  
momentum	
  space,	
  are	
  non-­‐degenerate	
  in	
  azimuthal	
  coordinate	
  space	
  
•  an	
  important	
  handle	
  on	
  a	
  fundamental	
  QCD	
  coefficient	
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Nature 473, 353 (2011) 

STAR discovers the heaviest anti-nucleus 
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  and	
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  in	
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  condensed-­‐ma+er	
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  explosions.	
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