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Early Acceleration

HBT Radii and Early Acceleration

Universality in a Class of Models

Why Microscopic Structure May Not Matter 
Much



Early 
Acceleration

Helps explain HBT 
radii

With Hydro + 
Cascade

Especially Rlong

Early 
Thermalization?

NO EARLY FLOW

EARLY FLOW



Early Acceleration

Anisotropy Parameter k:  Txx = Tyy = kT00.

k(x,t) = k(t)

Traceless Stress Energy Tensor

Boost Invariance (Bjorken Flow)



Models in Class
Model Txx, Tyy Tzz Tr T

CGC ≈ ε ≈ -ε 0

Ideal Hydro ε/3 ε/3 0

Free-
Streaming

ε/2 0 0

??? 0 0 0



Without Expansion...

Directly Depends on κ

Transverse Pressure 
(1/3, 1/2, 1)



With Bjorken Expansion
Transverse Pressure 

(1/3, 1/2, 1)

No k Dependence!



Early Acceleration

Anisotropy Parameter k:  kT00 = Txx = Tyy.

k(x,t) = k(t)

Traceless Stress Energy Tensor

Boost Invariance (Bjorken Flow)

Initial flow for hydro depends only on initial profile,
microscopic structure irrelevant.



IDEAL HYDRO

COHERENT FIELDS

INCOHERENT FIELDS

Transverse Velocity

Between models, 
transverse velocities 
differ.

Is this still universal 
flow?
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FIG. 1: (color online) Lower Panel: The collective velocity profile is displayed for three models at three different times,
0.3, 0.6 and 1.0 fm/c. Ideal hydrodynamics (green triangles) has the greatest transverse radial collective flow even though
it had the smallest transverse pressure, Txx, of all three models. The evolution of a non-interacting coherent electric field
(blue squares) had the highest pressure, but the smallest flow. Calculations based on electromagnetic fields arising from
incoherent currents (red circles) would be the same as for non-interacting partons.
Middle Panel: The flow ratio T0x/T00 is nearly universal for all three models. The symbols are the same as in the lower
panel. The solid lines represent the linear approximation, ≈ τ , given in Eq. (28).
Upper Panel: The collective velocity assuming that the matter suddenly behaves as if it were ideal hydrodynamics at
the prescribed time. Since this ratio depends on T0x/T00, it is also nearly universal.

surprising is that the models with higher values of κ lead to lower velocities. This is opposite to the trend one
would obtain if there were no longitudinal flow and Eq. (4) would be have been applicable.

Elliptic flow was evaluated by considering emission from an initial energy profile characterized by Rx = 2,
and Ry = 3. As a measure of elliptic flow, εp, defined in Eq. (15), is calculated for the two models based
on coherent and incoherent fields. Results for the hydrodynamic model are skipped because that model was
predicated on radial symmetry, although calculations have been done previously for ideal hydrodynamics with
and without transverse thermalization [19]. Assuming a sudden transformation to ideal hydrodynamics at τ , ε′p
was also calculated using the same method to calculate u′

x used for the radial case above. Figure 2 shows both
εp and ε′p as a function of τ for both models and compares them to the small-τ expansion, εp ∼ τ2. The small-τ
limit is found by calculating ux and uy for small times from Eq. (28) for the hydrodynamic model, κ = 1/3.
The collective velocities are then
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Using Eq. (20) for the stress-energy tensor, one can then calculate the elliptic anisotropy with some straight-
forward integrals of Gaussians,
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9τ2
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Transverse Velocity

‘Flow’ develops 
consistently.

This ratio is 
conserved in a 
‘sudden’ transition.
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FIG. 1: (color online) Lower Panel: The collective velocity profile is displayed for three models at three different times,
0.3, 0.6 and 1.0 fm/c. Ideal hydrodynamics (green triangles) has the greatest transverse radial collective flow even though
it had the smallest transverse pressure, Txx, of all three models. The evolution of a non-interacting coherent electric field
(blue squares) had the highest pressure, but the smallest flow. Calculations based on electromagnetic fields arising from
incoherent currents (red circles) would be the same as for non-interacting partons.
Middle Panel: The flow ratio T0x/T00 is nearly universal for all three models. The symbols are the same as in the lower
panel. The solid lines represent the linear approximation, ≈ τ , given in Eq. (28).
Upper Panel: The collective velocity assuming that the matter suddenly behaves as if it were ideal hydrodynamics at
the prescribed time. Since this ratio depends on T0x/T00, it is also nearly universal.

surprising is that the models with higher values of κ lead to lower velocities. This is opposite to the trend one
would obtain if there were no longitudinal flow and Eq. (4) would be have been applicable.

Elliptic flow was evaluated by considering emission from an initial energy profile characterized by Rx = 2,
and Ry = 3. As a measure of elliptic flow, εp, defined in Eq. (15), is calculated for the two models based
on coherent and incoherent fields. Results for the hydrodynamic model are skipped because that model was
predicated on radial symmetry, although calculations have been done previously for ideal hydrodynamics with
and without transverse thermalization [19]. Assuming a sudden transformation to ideal hydrodynamics at τ , ε′p
was also calculated using the same method to calculate u′

x used for the radial case above. Figure 2 shows both
εp and ε′p as a function of τ for both models and compares them to the small-τ expansion, εp ∼ τ2. The small-τ
limit is found by calculating ux and uy for small times from Eq. (28) for the hydrodynamic model, κ = 1/3.
The collective velocities are then
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Using Eq. (20) for the stress-energy tensor, one can then calculate the elliptic anisotropy with some straight-
forward integrals of Gaussians,
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FIG. 1: (color online) Lower Panel: The collective velocity profile is displayed for three models at three different times,
0.3, 0.6 and 1.0 fm/c. Ideal hydrodynamics (green triangles) has the greatest transverse radial collective flow even though
it had the smallest transverse pressure, Txx, of all three models. The evolution of a non-interacting coherent electric field
(blue squares) had the highest pressure, but the smallest flow. Calculations based on electromagnetic fields arising from
incoherent currents (red circles) would be the same as for non-interacting partons.
Middle Panel: The flow ratio T0x/T00 is nearly universal for all three models. The symbols are the same as in the lower
panel. The solid lines represent the linear approximation, ≈ τ , given in Eq. (28).
Upper Panel: The collective velocity assuming that the matter suddenly behaves as if it were ideal hydrodynamics at
the prescribed time. Since this ratio depends on T0x/T00, it is also nearly universal.

surprising is that the models with higher values of κ lead to lower velocities. This is opposite to the trend one
would obtain if there were no longitudinal flow and Eq. (4) would be have been applicable.

Elliptic flow was evaluated by considering emission from an initial energy profile characterized by Rx = 2,
and Ry = 3. As a measure of elliptic flow, εp, defined in Eq. (15), is calculated for the two models based
on coherent and incoherent fields. Results for the hydrodynamic model are skipped because that model was
predicated on radial symmetry, although calculations have been done previously for ideal hydrodynamics with
and without transverse thermalization [19]. Assuming a sudden transformation to ideal hydrodynamics at τ , ε′p
was also calculated using the same method to calculate u′

x used for the radial case above. Figure 2 shows both
εp and ε′p as a function of τ for both models and compares them to the small-τ expansion, εp ∼ τ2. The small-τ
limit is found by calculating ux and uy for small times from Eq. (28) for the hydrodynamic model, κ = 1/3.
The collective velocities are then
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Using Eq. (20) for the stress-energy tensor, one can then calculate the elliptic anisotropy with some straight-
forward integrals of Gaussians,

ε(hydro)
p ≈

9τ2

32

(

1

R2
x

−
1

R2
y

)

. (30)

IDEAL HYDRO

COHERENT FIELDS

INCOHERENT FIELDS
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Developing Flow

February 5, 2008 7:22 WSPC/Trim Size: 9in x 6in for Review Volume qgp3

26 Hydrodynamic description of ultrarelativistic heavy-ion collisions

the local energy density e(x, y; τ) as weight function, and the momentum

anisotropy

εp(τ) =

∫

dxdy (T xx − T yy)
∫

dxdy (T xx + T yy)
. (22)

Note that with these sign conventions, the spatial eccentricity is positive
for out-of-plane elongation (as is the case initially) whereas the momentum
anisotropy is positive if the preferred flow direction is into the reaction
plane.

Fig. 9. Time evolution of the spatial eccentricity εx and the momentum anisotropy εp

for Au+Au collisions at RHIC with b =7 fm.73

Figure 9 shows the time evolution of the spatial and momentum
anisotropies for Au+Au collisions at impact parameter b =7 fm, for RHIC
initial conditions with a realistic equation of state (EOS Q, solid lines) and
for a much higher initial energy density (initial temperature at the fire-
ball center =2 GeV) with a massless ideal gas equation of state (EOS I,
dashed lines).73 The initial spatial asymmetry at this impact parameter is
εx(τequ)= 0.27, and obviously εp(τequ)= 0 since the fluid is initially at rest
in the transverse plane. The spatial eccentricity is seen to disappear before
the fireball matter freezes out, in particular for the case with the very high
initial temperature (dashed lines) where the source is seen to switch orien-
tation after about 6 fm/c and becomes in-plane-elongated at late times.74

One also sees that the momentum anisotropy εp saturates at about the
same time when the spatial eccentricity εx vanishes. All of the momentum
anisotropy is built up during the first 6 fm/c.

Kolb, Heinz
arXiv:hep-ph/0204061v1

could change 
suddenly.

During 
thermalization,



Developing Flow

System 
thermalizes.

!

after thermalization
before thermalization



Dying HBT?

No definitive early 
model.

But existence of early 
acceleration.

Source size described 
at ~10%

S.Pratt and J.V. - arXiv:0809.0089



Remarks

Flow develops before thermalization.

Early Flow leads to significant improvements in 
HBT description, especially Rlong.


