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Outline

1. Motivation:
relativistic hydrodynamics to understand heavy ion collisions

2. Particlization:
basics, shortcomings, influence on observables

3. How much does f matter?

4. Results: 4-source model and 2+1D hydro

5. Conclusion and outlook

Adam Takacs
2



Motivation

MADAI Collaboration

For students: see Gabriel 
Denicol’s talk about hydro 
from Hot Quarks 2018 
https://indico.cern.ch/event/7
03015/contributions/3095199/

Adam Takacs
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Motivation

Adam Takacs

• Shear viscosity is sensitive to the way of 
particlization

• There is no unique way to do the
particlization

• Thermal equilibrium is an assumption

D. Molnar & P. Huovien, J.Phys. G35 104125 (2008)
K. Dusling , G.D. Moore, D. Teaney, Phys. Rev. C81, 034907 (2010)
D. Molnar & Z. Wolff, Phys. Rev. C95, 024903 (2017)
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Motivation

Adam Takacs

• Shear viscosity is sensitive to the way of
particlization

• There is no unique way to do the
particlization

• Thermal equilibrium is an assumption

Questions:
1. How sensitive is ideal hydro?
2. Is thermal equilibrium a legitimate assumption?

D. Molnar & P. Huovien, J.Phys. G35 104125 (2008)
K. Dusling, G.D. Moore, D. Teaney, Phys. Rev. C81, 034907 (2010)
D. Molnar & Z. Wolff, Phys. Rev. C95, 024903 (2017)
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Particlization

How is it done?

Adam Takacs
6



Particlization: from hydro to particles
L. Csernai, Introduction Relativistic Heavy Ion Collisions (1994)

Conversion of fluid → particles on a 3D hypersurface:

Inside: fluid (uµ(x), "(x), P (x), n(x))
<latexit sha1_base64="6NzNsFxfl58VkBZVh3C4zwOmqn4="></latexit>

d�µ
<latexit sha1_base64="1aaU3aaxB+oRK89GtCDCROAk71Y=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1U5Km1rqy4MZlBfuAJJbJZNIOnUnCzEQood/gyo0LRdz6Ca78BHd+iHunrYKKHrhwOOde7r3HTxiVyjTfjLn5hcWl5dxKfnVtfWOzsLXdlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/PJ34nSsiJI2jCzVKiMdRP6IhxUhpyQlcSfscXbo87RWKZtmyqxXbhJrULduuaVKpVg/rx9Aqm1MUT55L7y/X7kGzV3h1gxinnEQKMySlY5mJ8jIkFMWMjPNuKkmC8BD1iaNphDiRXjY9eQz3tRLAMBa6IgWn6veJDHEpR9zXnRypgfztTcS/PCdVYd3LaJSkikR4tihMGVQxnPwPAyoIVmykCcKC6lshHiCBsNIp5XUIX5/C/0m7ooMqm+dWsVEDM+TALtgDJWCBI9AAZ6AJWgCDGNyAO3BvKOPWeDAeZ61zxufMDvgB4+kDFF2VeQ==</latexit>

d�µ
<latexit sha1_base64="Dhts9jSyGh10eGJ1qe/KAl1izZs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVlw47KCfUASymQyaYfOI8xMhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGaPaeN63U1lb39jcqm7Xdnb39g/qh0ddLXOFSQdLJlU/RpowKkjHUMNIP1ME8ZiRXjy+m/m9J6I0leLRTDIScTQUNKUYGSsFSajpkKNByPNBveE1vTncVeKXpAEl2oP6V5hInHMiDGZI68D3MhMVSBmKGZnWwlyTDOExGpLAUoE40VExP3nqnlklcVOpbAnjztXfEwXiWk94bDs5MiO97M3E/7wgN+ltVFCR5YYIvFiU5sw10p397yZUEWzYxBKEFbW3uniEFMLGplSzIfjLL6+S7kXTv2x6D1eN1nUZRxVO4BTOwYcbaME9tKEDGCQ8wyu8OcZ5cd6dj0VrxSlnjuEPnM8fa8WRTA==</latexit>

Adam Takacs

Nµ(x) = (n(x),~j(x))

Tµ⌫(x) = ["(x) + P (x)]uµu⌫ � P (x)gµ⌫
<latexit sha1_base64="cHutSpUdmGQ97xMxwogDBmZFfBQ="></latexit>
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Particlization: from hydro to particles
L. Csernai, Introduction Relativistic Heavy Ion Collisions (1994)

Conversion of fluid → particles on a 3D hypersurface:

Inside: fluid

Outside: particle

(uµ(x), "(x), P (x), n(x))
<latexit sha1_base64="6NzNsFxfl58VkBZVh3C4zwOmqn4="></latexit>

f(x, p)
<latexit sha1_base64="LChLeG/nxou6Mhda+/SmJY+YmcE=">AAAB7XicdVDLSgMxFM34rPVVFdy4CRahgpSZTq3jruDGZQX7gHYomTTTxmaSIcmIpfQf3Agq0q3/4070Y0xbBRU9cOFwzr3ce08QM6q0bb9ac/MLi0vLqZX06tr6xmZma7umRCIxqWLBhGwESBFGOalqqhlpxJKgKGCkHvTPJn79mkhFBb/Ug5j4EepyGlKMtJFqYe7mKD5sZ7J23nGLBdeGhniO65YMKRSLx94pdPL2FNnybjy+f3/zKu3MS6sjcBIRrjFDSjUdO9b+EElNMSOjdCtRJEa4j7qkaShHEVH+cHrtCB4YpQNDIU1xDafq94khipQaRIHpjJDuqd/eRPzLayY69Pwh5XGiCcezRWHCoBZw8jrsUEmwZgNDEJbU3ApxD0mEtQkobUL4+hT+T2oFE1TevnCy5RKYIQX2wD7IAQecgDI4BxVQBRhcgVvwAB4tYd1ZT9Z41jpnfc7sgB+wnj8ARYCSog==</latexit>

Nµ(x) =

Z
d3p

p0
pµf(x, p)

Tµ⌫(x) =

Z
d3p

p0
pµp⌫f(x, p)

<latexit sha1_base64="RmK+1ucuoPP94jHEDHLD1x4KbgY="></latexit>

d�µ
<latexit sha1_base64="1aaU3aaxB+oRK89GtCDCROAk71Y=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1U5Km1rqy4MZlBfuAJJbJZNIOnUnCzEQood/gyo0LRdz6Ca78BHd+iHunrYKKHrhwOOde7r3HTxiVyjTfjLn5hcWl5dxKfnVtfWOzsLXdlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/PJ34nSsiJI2jCzVKiMdRP6IhxUhpyQlcSfscXbo87RWKZtmyqxXbhJrULduuaVKpVg/rx9Aqm1MUT55L7y/X7kGzV3h1gxinnEQKMySlY5mJ8jIkFMWMjPNuKkmC8BD1iaNphDiRXjY9eQz3tRLAMBa6IgWn6veJDHEpR9zXnRypgfztTcS/PCdVYd3LaJSkikR4tihMGVQxnPwPAyoIVmykCcKC6lshHiCBsNIp5XUIX5/C/0m7ooMqm+dWsVEDM+TALtgDJWCBI9AAZ6AJWgCDGNyAO3BvKOPWeDAeZ61zxufMDvgB4+kDFF2VeQ==</latexit>

Adam Takacs

d�µ
<latexit sha1_base64="Dhts9jSyGh10eGJ1qe/KAl1izZs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVlw47KCfUASymQyaYfOI8xMhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGaPaeN63U1lb39jcqm7Xdnb39g/qh0ddLXOFSQdLJlU/RpowKkjHUMNIP1ME8ZiRXjy+m/m9J6I0leLRTDIScTQUNKUYGSsFSajpkKNByPNBveE1vTncVeKXpAEl2oP6V5hInHMiDGZI68D3MhMVSBmKGZnWwlyTDOExGpLAUoE40VExP3nqnlklcVOpbAnjztXfEwXiWk94bDs5MiO97M3E/7wgN+ltVFCR5YYIvFiU5sw10p397yZUEWzYxBKEFbW3uniEFMLGplSzIfjLL6+S7kXTv2x6D1eN1nUZRxVO4BTOwYcbaME9tKEDGCQ8wyu8OcZ5cd6dj0VrxSlnjuEPnM8fa8WRTA==</latexit>

Nµ(x) = (n(x),~j(x))

Tµ⌫(x) = ["(x) + P (x)]uµu⌫ � P (x)gµ⌫
<latexit sha1_base64="cHutSpUdmGQ97xMxwogDBmZFfBQ="></latexit>
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Particlization: from hydro to particles
L. Csernai, Introduction Relativistic Heavy Ion Collisions (1994)

Conversion of fluid → particles on a 3D hypersurface:

Inside: fluid

Outside: particle

Boundary: conservation laws

(uµ(x), "(x), P (x), n(x))
<latexit sha1_base64="6NzNsFxfl58VkBZVh3C4zwOmqn4="></latexit>

f(x, p)
<latexit sha1_base64="LChLeG/nxou6Mhda+/SmJY+YmcE=">AAAB7XicdVDLSgMxFM34rPVVFdy4CRahgpSZTq3jruDGZQX7gHYomTTTxmaSIcmIpfQf3Agq0q3/4070Y0xbBRU9cOFwzr3ce08QM6q0bb9ac/MLi0vLqZX06tr6xmZma7umRCIxqWLBhGwESBFGOalqqhlpxJKgKGCkHvTPJn79mkhFBb/Ug5j4EepyGlKMtJFqYe7mKD5sZ7J23nGLBdeGhniO65YMKRSLx94pdPL2FNnybjy+f3/zKu3MS6sjcBIRrjFDSjUdO9b+EElNMSOjdCtRJEa4j7qkaShHEVH+cHrtCB4YpQNDIU1xDafq94khipQaRIHpjJDuqd/eRPzLayY69Pwh5XGiCcezRWHCoBZw8jrsUEmwZgNDEJbU3ApxD0mEtQkobUL4+hT+T2oFE1TevnCy5RKYIQX2wD7IAQecgDI4BxVQBRhcgVvwAB4tYd1ZT9Z41jpnfc7sgB+wnj8ARYCSog==</latexit>

Nµ(x) =

Z
d3p

p0
pµf(x, p)

Tµ⌫(x) =

Z
d3p

p0
pµp⌫f(x, p)

<latexit sha1_base64="RmK+1ucuoPP94jHEDHLD1x4KbgY="></latexit>

d�µ
<latexit sha1_base64="1aaU3aaxB+oRK89GtCDCROAk71Y=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1U5Km1rqy4MZlBfuAJJbJZNIOnUnCzEQood/gyo0LRdz6Ca78BHd+iHunrYKKHrhwOOde7r3HTxiVyjTfjLn5hcWl5dxKfnVtfWOzsLXdlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/PJ34nSsiJI2jCzVKiMdRP6IhxUhpyQlcSfscXbo87RWKZtmyqxXbhJrULduuaVKpVg/rx9Aqm1MUT55L7y/X7kGzV3h1gxinnEQKMySlY5mJ8jIkFMWMjPNuKkmC8BD1iaNphDiRXjY9eQz3tRLAMBa6IgWn6veJDHEpR9zXnRypgfztTcS/PCdVYd3LaJSkikR4tihMGVQxnPwPAyoIVmykCcKC6lshHiCBsNIp5XUIX5/C/0m7ooMqm+dWsVEDM+TALtgDJWCBI9AAZ6AJWgCDGNyAO3BvKOPWeDAeZ61zxufMDvgB4+kDFF2VeQ==</latexit>

[Nµd�µ]in�out = 0

[Tµ⌫d�µ]in�out = 0
<latexit sha1_base64="74MvMfnefEuMHpklhdD6mi4Px7M="></latexit>

Adam Takacs

d�µ
<latexit sha1_base64="Dhts9jSyGh10eGJ1qe/KAl1izZs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVlw47KCfUASymQyaYfOI8xMhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGaPaeN63U1lb39jcqm7Xdnb39g/qh0ddLXOFSQdLJlU/RpowKkjHUMNIP1ME8ZiRXjy+m/m9J6I0leLRTDIScTQUNKUYGSsFSajpkKNByPNBveE1vTncVeKXpAEl2oP6V5hInHMiDGZI68D3MhMVSBmKGZnWwlyTDOExGpLAUoE40VExP3nqnlklcVOpbAnjztXfEwXiWk94bDs5MiO97M3E/7wgN+ltVFCR5YYIvFiU5sw10p397yZUEWzYxBKEFbW3uniEFMLGplSzIfjLL6+S7kXTv2x6D1eN1nUZRxVO4BTOwYcbaME9tKEDGCQ8wyu8OcZ5cd6dj0VrxSlnjuEPnM8fa8WRTA==</latexit>

Nµ(x) = (n(x),~j(x))

Tµ⌫(x) = ["(x) + P (x)]uµu⌫ � P (x)gµ⌫
<latexit sha1_base64="cHutSpUdmGQ97xMxwogDBmZFfBQ="></latexit>
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Particlization: from hydro to particles
L. Csernai, Introduction Relativistic Heavy Ion Collisions (1994)

Conversion of fluid → particles on a 3D hypersurface:

Inside: fluid

Outside: particle

Cooper-Frye formula: momentum spectrum (measurable)

(uµ(x), "(x), P (x), n(x))
<latexit sha1_base64="6NzNsFxfl58VkBZVh3C4zwOmqn4="></latexit>

f(x, p)
<latexit sha1_base64="LChLeG/nxou6Mhda+/SmJY+YmcE=">AAAB7XicdVDLSgMxFM34rPVVFdy4CRahgpSZTq3jruDGZQX7gHYomTTTxmaSIcmIpfQf3Agq0q3/4070Y0xbBRU9cOFwzr3ce08QM6q0bb9ac/MLi0vLqZX06tr6xmZma7umRCIxqWLBhGwESBFGOalqqhlpxJKgKGCkHvTPJn79mkhFBb/Ug5j4EepyGlKMtJFqYe7mKD5sZ7J23nGLBdeGhniO65YMKRSLx94pdPL2FNnybjy+f3/zKu3MS6sjcBIRrjFDSjUdO9b+EElNMSOjdCtRJEa4j7qkaShHEVH+cHrtCB4YpQNDIU1xDafq94khipQaRIHpjJDuqd/eRPzLayY69Pwh5XGiCcezRWHCoBZw8jrsUEmwZgNDEJbU3ApxD0mEtQkobUL4+hT+T2oFE1TevnCy5RKYIQX2wD7IAQecgDI4BxVQBRhcgVvwAB4tYd1ZT9Z41jpnfc7sgB+wnj8ARYCSog==</latexit>

Nµ(x) =

Z
d3p

p0
pµf(x, p)

Tµ⌫(x) =

Z
d3p

p0
pµp⌫f(x, p)

<latexit sha1_base64="RmK+1ucuoPP94jHEDHLD1x4KbgY="></latexit>

d�µ
<latexit sha1_base64="1aaU3aaxB+oRK89GtCDCROAk71Y=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1U5Km1rqy4MZlBfuAJJbJZNIOnUnCzEQood/gyo0LRdz6Ca78BHd+iHunrYKKHrhwOOde7r3HTxiVyjTfjLn5hcWl5dxKfnVtfWOzsLXdlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/PJ34nSsiJI2jCzVKiMdRP6IhxUhpyQlcSfscXbo87RWKZtmyqxXbhJrULduuaVKpVg/rx9Aqm1MUT55L7y/X7kGzV3h1gxinnEQKMySlY5mJ8jIkFMWMjPNuKkmC8BD1iaNphDiRXjY9eQz3tRLAMBa6IgWn6veJDHEpR9zXnRypgfztTcS/PCdVYd3LaJSkikR4tihMGVQxnPwPAyoIVmykCcKC6lshHiCBsNIp5XUIX5/C/0m7ooMqm+dWsVEDM+TALtgDJWCBI9AAZ6AJWgCDGNyAO3BvKOPWeDAeZ61zxufMDvgB4+kDFF2VeQ==</latexit>

Adam Takacs

E d3N
d3p =

R
d�µpµf(x, p)

<latexit sha1_base64="Smw5lPWMS5QfJEA9pZG6/QpZOLU="></latexit>

d�µ
<latexit sha1_base64="Dhts9jSyGh10eGJ1qe/KAl1izZs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVlw47KCfUASymQyaYfOI8xMhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGaPaeN63U1lb39jcqm7Xdnb39g/qh0ddLXOFSQdLJlU/RpowKkjHUMNIP1ME8ZiRXjy+m/m9J6I0leLRTDIScTQUNKUYGSsFSajpkKNByPNBveE1vTncVeKXpAEl2oP6V5hInHMiDGZI68D3MhMVSBmKGZnWwlyTDOExGpLAUoE40VExP3nqnlklcVOpbAnjztXfEwXiWk94bDs5MiO97M3E/7wgN+ltVFCR5YYIvFiU5sw10p397yZUEWzYxBKEFbW3uniEFMLGplSzIfjLL6+S7kXTv2x6D1eN1nUZRxVO4BTOwYcbaME9tKEDGCQ8wyu8OcZ5cd6dj0VrxSlnjuEPnM8fa8WRTA==</latexit>

Nµ(x) = (n(x),~j(x))

Tµ⌫(x) = ["(x) + P (x)]uµu⌫ � P (x)gµ⌫
<latexit sha1_base64="cHutSpUdmGQ97xMxwogDBmZFfBQ="></latexit>
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Nµ(x) = (n(x),~j(x))

Tµ⌫(x) = ["(x) + P (x)]uµu⌫ � P (x)gµ⌫
<latexit sha1_base64="cHutSpUdmGQ97xMxwogDBmZFfBQ="></latexit>

d�µ
<latexit sha1_base64="Dhts9jSyGh10eGJ1qe/KAl1izZs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVlw47KCfUASymQyaYfOI8xMhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGaPaeN63U1lb39jcqm7Xdnb39g/qh0ddLXOFSQdLJlU/RpowKkjHUMNIP1ME8ZiRXjy+m/m9J6I0leLRTDIScTQUNKUYGSsFSajpkKNByPNBveE1vTncVeKXpAEl2oP6V5hInHMiDGZI68D3MhMVSBmKGZnWwlyTDOExGpLAUoE40VExP3nqnlklcVOpbAnjztXfEwXiWk94bDs5MiO97M3E/7wgN+ltVFCR5YYIvFiU5sw10p397yZUEWzYxBKEFbW3uniEFMLGplSzIfjLL6+S7kXTv2x6D1eN1nUZRxVO4BTOwYcbaME9tKEDGCQ8wyu8OcZ5cd6dj0VrxSlnjuEPnM8fa8WRTA==</latexit>

Particlization: from hydro to particles
L. Csernai, Introduction Relativistic Heavy Ion Collisions (1994)

Conversion of fluid → particles on a 3D hypersurface:

Inside: fluid

Outside: particle

Cooper-Frye formula: momentum spectrum (measurable)

(uµ(x), "(x), P (x), n(x))
<latexit sha1_base64="6NzNsFxfl58VkBZVh3C4zwOmqn4="></latexit>

d�µ
<latexit sha1_base64="1aaU3aaxB+oRK89GtCDCROAk71Y=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1U5Km1rqy4MZlBfuAJJbJZNIOnUnCzEQood/gyo0LRdz6Ca78BHd+iHunrYKKHrhwOOde7r3HTxiVyjTfjLn5hcWl5dxKfnVtfWOzsLXdlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/PJ34nSsiJI2jCzVKiMdRP6IhxUhpyQlcSfscXbo87RWKZtmyqxXbhJrULduuaVKpVg/rx9Aqm1MUT55L7y/X7kGzV3h1gxinnEQKMySlY5mJ8jIkFMWMjPNuKkmC8BD1iaNphDiRXjY9eQz3tRLAMBa6IgWn6veJDHEpR9zXnRypgfztTcS/PCdVYd3LaJSkikR4tihMGVQxnPwPAyoIVmykCcKC6lshHiCBsNIp5XUIX5/C/0m7ooMqm+dWsVEDM+TALtgDJWCBI9AAZ6AJWgCDGNyAO3BvKOPWeDAeZ61zxufMDvgB4+kDFF2VeQ==</latexit>

E d3N
d3p =

R
d�µpµf(x, p)

<latexit sha1_base64="Smw5lPWMS5QfJEA9pZG6/QpZOLU="></latexit>

f(x, p)
<latexit sha1_base64="LChLeG/nxou6Mhda+/SmJY+YmcE=">AAAB7XicdVDLSgMxFM34rPVVFdy4CRahgpSZTq3jruDGZQX7gHYomTTTxmaSIcmIpfQf3Agq0q3/4070Y0xbBRU9cOFwzr3ce08QM6q0bb9ac/MLi0vLqZX06tr6xmZma7umRCIxqWLBhGwESBFGOalqqhlpxJKgKGCkHvTPJn79mkhFBb/Ug5j4EepyGlKMtJFqYe7mKD5sZ7J23nGLBdeGhniO65YMKRSLx94pdPL2FNnybjy+f3/zKu3MS6sjcBIRrjFDSjUdO9b+EElNMSOjdCtRJEa4j7qkaShHEVH+cHrtCB4YpQNDIU1xDafq94khipQaRIHpjJDuqd/eRPzLayY69Pwh5XGiCcezRWHCoBZw8jrsUEmwZgNDEJbU3ApxD0mEtQkobUL4+hT+T2oFE1TevnCy5RKYIQX2wD7IAQecgDI4BxVQBRhcgVvwAB4tYd1ZT9Z41jpnfc7sgB+wnj8ARYCSog==</latexit>

Nµ(x) =

Z
d3p

p0
pµf(x, p)

Tµ⌫(x) =

Z
d3p

p0
pµp⌫f(x, p)

<latexit sha1_base64="RmK+1ucuoPP94jHEDHLD1x4KbgY="></latexit>

What is          ?f(x, p)
<latexit sha1_base64="0nGnQ36fYvEfzzPK2MjIMWj/S34=">AAAB7XicdZDLSsNAFIYn9VbrrSq4cTNYhAoSEi1p3RXcuKxgL9CGMplO2rGTZJiZiCX0HdwIKtKt7+NO9GGctBVU9IeBn+8/hznneJxRqSzrzcgsLC4tr2RXc2vrG5tb+e2dhoxigUkdRywSLQ9JwmhI6ooqRlpcEBR4jDS94XmaN2+IkDQKr9SIEzdA/ZD6FCOlUcMv3h7zo26+YJnOme2ULWiZ1lSpsZ1SpQTtOSlU9/jk4eO9UuvmXzu9CMcBCRVmSMq2bXHlJkgoihkZ5zqxJBzhIeqTtrYhCoh0k+m0Y3ioSQ/6kdAvVHBKv3ckKJByFHi6MkBqIH9nKfwra8fKr7gJDXmsSIhnH/kxgyqC6eqwRwXBio20QVhQPSvEAyQQVvpAOX2Er03h/6ZxYtqnpnVpF6oOmCkL9sEBKAIblEEVXIAaqAMMrsEdeARPRmTcG8/GZFaaMeY9u+CHjJdPMMKSkw==</latexit>

Adam Takacs
11



Particlization: what is         ?

- single-particle distribution
• We don’t know.

f(x, p)
<latexit sha1_base64="tKsPOoQIZjebaDUnaiwWIAPTz0Q=">AAAB7XicjVC7SgNBFL0bXzG+4qOzGQxCBAm7WmhnwELLCOYByRJmJ7PJmNmZZWZWjEv+wcZCEVs7v8IvsLP0T5wkFioKHrhwOOde7rk3iDnTxnXfnMzU9MzsXHY+t7C4tLySX12raZkoQqtEcqkaAdaUM0GrhhlOG7GiOAo4rQf945Ffv6RKMynOzSCmfoS7goWMYGOlWli82o132vmCV3LHQH+TwtHL9fvJ80ZaaedfWx1JkogKQzjWuum5sfFTrAwjnA5zrUTTGJM+7tKmpQJHVPvpOO0QbVulg0KpbAmDxurXiRRHWg+iwHZG2PT0T28k/uY1ExMe+ikTcWKoIJNFYcKRkWh0OuowRYnhA0swUcxmRaSHFSbGPij3vyfU9krefsk98wrlMkyQhU3YgiJ4cABlOIUKVIHABdzAHdw70rl1HpzHSWvG+ZxZh29wnj4A496SYw==</latexit>

Adam Takacs

f(x, p)
<latexit sha1_base64="2Zyjj9765fGqOZ98ym/VsyilWVs=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBAiSNjNrjHeAl48RjAPSJYwO5lNxszOLjOzYgj5By8eFPHq/3jzb5w8BBUtaCiquunuChLOlLbtD2tpeWV1bT2zkd3c2t7Zze3tN1ScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDC+nfvOOSsVicaNHCfUj3BcsZARrIzXCwv1pctLN5e2i43ol10aGVBzXLRtS8ryzygVyivYMeVig1s29d3oxSSMqNOFYqbZjJ9ofY6kZ4XSS7aSKJpgMcZ+2DRU4osofz66doGOj9FAYS1NCo5n6fWKMI6VGUWA6I6wH6rc3Ff/y2qkOK/6YiSTVVJD5ojDlSMdo+jrqMUmJ5iNDMJHM3IrIAEtMtAkoa0L4+hT9TxolE1TRvvby1fIijgwcwhEUwIFzqMIV1KAOBG7hAZ7g2YqtR+vFep23LlmLmQP4AevtEwLXjro=</latexit>

12



Particlization: what is         ?

- single-particle distribution
• Described by some kinetic transport theory

(assumption)

f(x, p)
<latexit sha1_base64="tKsPOoQIZjebaDUnaiwWIAPTz0Q=">AAAB7XicjVC7SgNBFL0bXzG+4qOzGQxCBAm7WmhnwELLCOYByRJmJ7PJmNmZZWZWjEv+wcZCEVs7v8IvsLP0T5wkFioKHrhwOOde7rk3iDnTxnXfnMzU9MzsXHY+t7C4tLySX12raZkoQqtEcqkaAdaUM0GrhhlOG7GiOAo4rQf945Ffv6RKMynOzSCmfoS7goWMYGOlWli82o132vmCV3LHQH+TwtHL9fvJ80ZaaedfWx1JkogKQzjWuum5sfFTrAwjnA5zrUTTGJM+7tKmpQJHVPvpOO0QbVulg0KpbAmDxurXiRRHWg+iwHZG2PT0T28k/uY1ExMe+ikTcWKoIJNFYcKRkWh0OuowRYnhA0swUcxmRaSHFSbGPij3vyfU9krefsk98wrlMkyQhU3YgiJ4cABlOIUKVIHABdzAHdw70rl1HpzHSWvG+ZxZh29wnj4A496SYw==</latexit>

Adam Takacs

f(x, p)
<latexit sha1_base64="2Zyjj9765fGqOZ98ym/VsyilWVs=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBAiSNjNrjHeAl48RjAPSJYwO5lNxszOLjOzYgj5By8eFPHq/3jzb5w8BBUtaCiquunuChLOlLbtD2tpeWV1bT2zkd3c2t7Zze3tN1ScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDC+nfvOOSsVicaNHCfUj3BcsZARrIzXCwv1pctLN5e2i43ol10aGVBzXLRtS8ryzygVyivYMeVig1s29d3oxSSMqNOFYqbZjJ9ofY6kZ4XSS7aSKJpgMcZ+2DRU4osofz66doGOj9FAYS1NCo5n6fWKMI6VGUWA6I6wH6rc3Ff/y2qkOK/6YiSTVVJD5ojDlSMdo+jrqMUmJ5iNDMJHM3IrIAEtMtAkoa0L4+hT9TxolE1TRvvby1fIijgwcwhEUwIFzqMIV1KAOBG7hAZ7g2YqtR+vFep23LlmLmQP4AevtEwLXjro=</latexit>

13



Particlization: what is         ?

- single-particle distribution
• Described by the Boltzman Transport Equation

(assumption of assumption)

f(x, p)
<latexit sha1_base64="tKsPOoQIZjebaDUnaiwWIAPTz0Q=">AAAB7XicjVC7SgNBFL0bXzG+4qOzGQxCBAm7WmhnwELLCOYByRJmJ7PJmNmZZWZWjEv+wcZCEVs7v8IvsLP0T5wkFioKHrhwOOde7rk3iDnTxnXfnMzU9MzsXHY+t7C4tLySX12raZkoQqtEcqkaAdaUM0GrhhlOG7GiOAo4rQf945Ffv6RKMynOzSCmfoS7goWMYGOlWli82o132vmCV3LHQH+TwtHL9fvJ80ZaaedfWx1JkogKQzjWuum5sfFTrAwjnA5zrUTTGJM+7tKmpQJHVPvpOO0QbVulg0KpbAmDxurXiRRHWg+iwHZG2PT0T28k/uY1ExMe+ikTcWKoIJNFYcKRkWh0OuowRYnhA0swUcxmRaSHFSbGPij3vyfU9krefsk98wrlMkyQhU3YgiJ4cABlOIUKVIHABdzAHdw70rl1HpzHSWvG+ZxZh29wnj4A496SYw==</latexit>

Adam Takacs

f(x, p)
<latexit sha1_base64="2Zyjj9765fGqOZ98ym/VsyilWVs=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBAiSNjNrjHeAl48RjAPSJYwO5lNxszOLjOzYgj5By8eFPHq/3jzb5w8BBUtaCiquunuChLOlLbtD2tpeWV1bT2zkd3c2t7Zze3tN1ScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDC+nfvOOSsVicaNHCfUj3BcsZARrIzXCwv1pctLN5e2i43ol10aGVBzXLRtS8ryzygVyivYMeVig1s29d3oxSSMqNOFYqbZjJ9ofY6kZ4XSS7aSKJpgMcZ+2DRU4osofz66doGOj9FAYS1NCo5n6fWKMI6VGUWA6I6wH6rc3Ff/y2qkOK/6YiSTVVJD5ojDlSMdo+jrqMUmJ5iNDMJHM3IrIAEtMtAkoa0L4+hT9TxolE1TRvvby1fIijgwcwhEUwIFzqMIV1KAOBG7hAZ7g2YqtR+vFep23LlmLmQP4AevtEwLXjro=</latexit>
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Particlization: what is         ?

- single-particle distribution
• 0th solution of the BTE

(assumption of assumption of assumption)
Relativistic Boltzmann (thermal) distribution:

One field describes everything:        temperature. 

f(x, p)
<latexit sha1_base64="tKsPOoQIZjebaDUnaiwWIAPTz0Q=">AAAB7XicjVC7SgNBFL0bXzG+4qOzGQxCBAm7WmhnwELLCOYByRJmJ7PJmNmZZWZWjEv+wcZCEVs7v8IvsLP0T5wkFioKHrhwOOde7rk3iDnTxnXfnMzU9MzsXHY+t7C4tLySX12raZkoQqtEcqkaAdaUM0GrhhlOG7GiOAo4rQf945Ffv6RKMynOzSCmfoS7goWMYGOlWli82o132vmCV3LHQH+TwtHL9fvJ80ZaaedfWx1JkogKQzjWuum5sfFTrAwjnA5zrUTTGJM+7tKmpQJHVPvpOO0QbVulg0KpbAmDxurXiRRHWg+iwHZG2PT0T28k/uY1ExMe+ikTcWKoIJNFYcKRkWh0OuowRYnhA0swUcxmRaSHFSbGPij3vyfU9krefsk98wrlMkyQhU3YgiJ4cABlOIUKVIHABdzAHdw70rl1HpzHSWvG+ZxZh29wnj4A496SYw==</latexit>

Adam Takacs

f(x, p)
<latexit sha1_base64="2Zyjj9765fGqOZ98ym/VsyilWVs=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBAiSNjNrjHeAl48RjAPSJYwO5lNxszOLjOzYgj5By8eFPHq/3jzb5w8BBUtaCiquunuChLOlLbtD2tpeWV1bT2zkd3c2t7Zze3tN1ScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDC+nfvOOSsVicaNHCfUj3BcsZARrIzXCwv1pctLN5e2i43ol10aGVBzXLRtS8ryzygVyivYMeVig1s29d3oxSSMqNOFYqbZjJ9ofY6kZ4XSS7aSKJpgMcZ+2DRU4osofz66doGOj9FAYS1NCo5n6fWKMI6VGUWA6I6wH6rc3Ff/y2qkOK/6YiSTVVJD5ojDlSMdo+jrqMUmJ5iNDMJHM3IrIAEtMtAkoa0L4+hT9TxolE1TRvvby1fIijgwcwhEUwIFzqMIV1KAOBG7hAZ7g2YqtR+vFep23LlmLmQP4AevtEwLXjro=</latexit>

T (x)
<latexit sha1_base64="A9eeJc/76E2TvZyqbK+AYsxpQ1g=">AAAB63icdVDLSgMxFM3UV62vqks3wSLUTZnpjLXuCm5cVugL2qFk0kwbmmSGJCOWob/gxoUibv0hd/6NmbaCih64cDjnXu69J4gZVdq2P6zc2vrG5lZ+u7Czu7d/UDw86qgokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK8zv3tHpKKRaOlZTHyOxoKGFCOdSa3y/fmwWLIrjutVXRsaUndct2ZI1fMu6lfQqdgLlMAKzWHxfTCKcMKJ0JghpfqOHWs/RVJTzMi8MEgUiRGeojHpGyoQJ8pPF7fO4ZlRRjCMpCmh4UL9PpEirtSMB6aTIz1Rv71M/MvrJzqs+ykVcaKJwMtFYcKgjmD2OBxRSbBmM0MQltTcCvEESYS1iadgQvj6FP5POlUTVMW+9UqN2iqOPDgBp6AMHHAJGuAGNEEbYDABD+AJPFvcerRerNdla85azRyDH7DePgGuIY34</latexit>

f0(x, p) =
g

(2⇡)3 e
� pµuµ(x)

T (x)

<latexit sha1_base64="uMUIL0PPP0WSTQh6zTlqqFC/w+w="></latexit>
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Particlization: what is         ?

- single-particle distribution
• 0th solution of the BTE

(assumption of assumption of assumption)
Relativistic Boltzmann (thermal) distribution:

One field describes everything:        temperature. 

• Change a little to „non-extensive“: corrections

One field „temperature“ + non-ext. 
parameter .
If we get back Boltzmann!
Starts in exponential, end in power law! 

f(x, p)
<latexit sha1_base64="tKsPOoQIZjebaDUnaiwWIAPTz0Q=">AAAB7XicjVC7SgNBFL0bXzG+4qOzGQxCBAm7WmhnwELLCOYByRJmJ7PJmNmZZWZWjEv+wcZCEVs7v8IvsLP0T5wkFioKHrhwOOde7rk3iDnTxnXfnMzU9MzsXHY+t7C4tLySX12raZkoQqtEcqkaAdaUM0GrhhlOG7GiOAo4rQf945Ffv6RKMynOzSCmfoS7goWMYGOlWli82o132vmCV3LHQH+TwtHL9fvJ80ZaaedfWx1JkogKQzjWuum5sfFTrAwjnA5zrUTTGJM+7tKmpQJHVPvpOO0QbVulg0KpbAmDxurXiRRHWg+iwHZG2PT0T28k/uY1ExMe+ikTcWKoIJNFYcKRkWh0OuowRYnhA0swUcxmRaSHFSbGPij3vyfU9krefsk98wrlMkyQhU3YgiJ4cABlOIUKVIHABdzAHdw70rl1HpzHSWvG+ZxZh29wnj4A496SYw==</latexit>

Adam Takacs

f(x, p)
<latexit sha1_base64="2Zyjj9765fGqOZ98ym/VsyilWVs=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBAiSNjNrjHeAl48RjAPSJYwO5lNxszOLjOzYgj5By8eFPHq/3jzb5w8BBUtaCiquunuChLOlLbtD2tpeWV1bT2zkd3c2t7Zze3tN1ScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDC+nfvOOSsVicaNHCfUj3BcsZARrIzXCwv1pctLN5e2i43ol10aGVBzXLRtS8ryzygVyivYMeVig1s29d3oxSSMqNOFYqbZjJ9ofY6kZ4XSS7aSKJpgMcZ+2DRU4osofz66doGOj9FAYS1NCo5n6fWKMI6VGUWA6I6wH6rc3Ff/y2qkOK/6YiSTVVJD5ojDlSMdo+jrqMUmJ5iNDMJHM3IrIAEtMtAkoa0L4+hT9TxolE1TRvvby1fIijgwcwhEUwIFzqMIV1KAOBG7hAZ7g2YqtR+vFep23LlmLmQP4AevtEwLXjro=</latexit>

T (x)
<latexit sha1_base64="A9eeJc/76E2TvZyqbK+AYsxpQ1g=">AAAB63icdVDLSgMxFM3UV62vqks3wSLUTZnpjLXuCm5cVugL2qFk0kwbmmSGJCOWob/gxoUibv0hd/6NmbaCih64cDjnXu69J4gZVdq2P6zc2vrG5lZ+u7Czu7d/UDw86qgokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK8zv3tHpKKRaOlZTHyOxoKGFCOdSa3y/fmwWLIrjutVXRsaUndct2ZI1fMu6lfQqdgLlMAKzWHxfTCKcMKJ0JghpfqOHWs/RVJTzMi8MEgUiRGeojHpGyoQJ8pPF7fO4ZlRRjCMpCmh4UL9PpEirtSMB6aTIz1Rv71M/MvrJzqs+ykVcaKJwMtFYcKgjmD2OBxRSbBmM0MQltTcCvEESYS1iadgQvj6FP5POlUTVMW+9UqN2iqOPDgBp6AMHHAJGuAGNEEbYDABD+AJPFvcerRerNdla85azRyDH7DePgGuIY34</latexit>

T↵(x)
<latexit sha1_base64="mgTt1uBu5GQc46kJhheSj58GbjI=">AAAB8nicdVDLSsNAFJ3UV62vquDGzWAR6qYkTa1xV3DjskJfkIYymU7aoZNJmJmIJfQzBHFREbd+jTvRj3HaKqjogQuHc+7l3nv8mFGpTPPVyCwtr6yuZddzG5tb2zv53b2WjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3RxcxvXxMhacQbahwTL0QDTgOKkdKS2+h1EYuHqHhz0ssXzJJlV8q2CTVxLNuualKuVE6dc2iVzDkKtYN4evf+5tR7+ZduP8JJSLjCDEnpWmasvBQJRTEjk1w3kSRGeIQGxNWUo5BIL52fPIHHWunDIBK6uIJz9ftEikIpx6GvO0OkhvK3NxP/8txEBY6XUh4ninC8WBQkDKoIzv6HfSoIVmysCcKC6lshHiKBsNIp5XQIX5/C/0mrrIMqmVdWoVYFC2TBITgCRWCBM1ADl6AOmgCDCNyCKXgwlHFvPBpPi9aM8TmzD37AeP4AMt2U5w==</latexit>

↵ ! 0
<latexit sha1_base64="nek18gBdVRACBSVReMXvtdPKwig=">AAAB+3icdVC7SgNBFJ31GeNrjaXNYBBiE3azMcbKgI1lBPOA7BLuTibJkNkHM7NqCPkG/8DGQhFbOys/wc4PsXeSKKjogQuHc+7l3nv8mDOpLOvNmJtfWFxaTq2kV9fWNzbNrUxdRokgtEYiHommD5JyFtKaYorTZiwoBD6nDX9wMvEbF1RIFoXnahhTL4BeyLqMgNJS28y4wOM+uIL1+gqEiC6ttpm18rZTLDgW1qRsO05Jk0KxeFA+wnbemiJ7/Jx7f7l296tt89XtRCQJaKgIBylbthUrbwRCMcLpOO0mksZABtCjLU1DCKj0RtPbx3hPKx3cjYSuUOGp+n1iBIGUw8DXnQGovvztTcS/vFaiumVvxMI4UTQks0XdhGMV4UkQuMMEJYoPNQEimL4Vkz4IIErHldYhfH2K/yf1gg4qb53Z2UoJzZBCO2gX5ZCNDlEFnaIqqiGCrtANukP3xti4NR6Mx1nrnPE5s41+wHj6APGYmLo=</latexit>

↵
<latexit sha1_base64="WyKXAVt3U/xvWapL9oxc1Gfdx8Y=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgKewma4y3gBePEcwDkiX0TmaT0dmZZWZWCEv+wYsHRbz6P978GycPQUULGoqqbrq7woQzbVz3w8mtrK6tb+Q3C1vbO7t7xf2DtpapIrRFJJeqG4KmnAnaMsxw2k0UhTjktBPeXc78zj1VmklxYyYJDWIYCRYxAsZK7T7wZAyDYskte1W/UnWxJXWvWq1ZUvH9s/oF9sruHCW0RHNQfO8PJUljKgzhoHXPcxMTZKAMI5xOC/1U0wTIHYxoz1IBMdVBNr92ik+sMsSRVLaEwXP1+0QGsdaTOLSdMZix/u3NxL+8XmqiepAxkaSGCrJYFKUcG4lnr+MhU5QYPrEEiGL2VkzGoIAYG1DBhvD1Kf6ftCs2qLJ77ZcatWUceXSEjtEp8tA5aqAr1EQtRNAtekBP6NmRzqPz4rwuWnPOcuYQ/YDz9gnowY9R</latexit>

f0(x, p) =
g

(2⇡)3 e
� pµuµ(x)

T (x)

<latexit sha1_base64="uMUIL0PPP0WSTQh6zTlqqFC/w+w="></latexit>

f(x, p) = A
h
1 + ↵

T↵(x)p
µuµ(x)

i� 1
↵

<latexit sha1_base64="rAkxU4JiVLPnhatEWtcSZ9qqJLw="></latexit>
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Particlization: what is         ?

- single-particle distribution
• 0th solution of the BTE

(assumption of assumption of assumption)
Relativistic Boltzmann (thermal) distribution:

One field describes everything:        temperature. 

• Change a little to „non-extensive“: corrections

One field „temperature“ + non-ext. 
parameter .
If we get back Boltzmann!
Starts in exponential, end in power law! 

f(x, p)
<latexit sha1_base64="tKsPOoQIZjebaDUnaiwWIAPTz0Q=">AAAB7XicjVC7SgNBFL0bXzG+4qOzGQxCBAm7WmhnwELLCOYByRJmJ7PJmNmZZWZWjEv+wcZCEVs7v8IvsLP0T5wkFioKHrhwOOde7rk3iDnTxnXfnMzU9MzsXHY+t7C4tLySX12raZkoQqtEcqkaAdaUM0GrhhlOG7GiOAo4rQf945Ffv6RKMynOzSCmfoS7goWMYGOlWli82o132vmCV3LHQH+TwtHL9fvJ80ZaaedfWx1JkogKQzjWuum5sfFTrAwjnA5zrUTTGJM+7tKmpQJHVPvpOO0QbVulg0KpbAmDxurXiRRHWg+iwHZG2PT0T28k/uY1ExMe+ikTcWKoIJNFYcKRkWh0OuowRYnhA0swUcxmRaSHFSbGPij3vyfU9krefsk98wrlMkyQhU3YgiJ4cABlOIUKVIHABdzAHdw70rl1HpzHSWvG+ZxZh29wnj4A496SYw==</latexit>

Adam Takacs

f(x, p)
<latexit sha1_base64="2Zyjj9765fGqOZ98ym/VsyilWVs=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBAiSNjNrjHeAl48RjAPSJYwO5lNxszOLjOzYgj5By8eFPHq/3jzb5w8BBUtaCiquunuChLOlLbtD2tpeWV1bT2zkd3c2t7Zze3tN1ScSkLrJOaxbAVYUc4ErWumOW0lkuIo4LQZDC+nfvOOSsVicaNHCfUj3BcsZARrIzXCwv1pctLN5e2i43ol10aGVBzXLRtS8ryzygVyivYMeVig1s29d3oxSSMqNOFYqbZjJ9ofY6kZ4XSS7aSKJpgMcZ+2DRU4osofz66doGOj9FAYS1NCo5n6fWKMI6VGUWA6I6wH6rc3Ff/y2qkOK/6YiSTVVJD5ojDlSMdo+jrqMUmJ5iNDMJHM3IrIAEtMtAkoa0L4+hT9TxolE1TRvvby1fIijgwcwhEUwIFzqMIV1KAOBG7hAZ7g2YqtR+vFep23LlmLmQP4AevtEwLXjro=</latexit>

T (x)
<latexit sha1_base64="A9eeJc/76E2TvZyqbK+AYsxpQ1g=">AAAB63icdVDLSgMxFM3UV62vqks3wSLUTZnpjLXuCm5cVugL2qFk0kwbmmSGJCOWob/gxoUibv0hd/6NmbaCih64cDjnXu69J4gZVdq2P6zc2vrG5lZ+u7Czu7d/UDw86qgokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK8zv3tHpKKRaOlZTHyOxoKGFCOdSa3y/fmwWLIrjutVXRsaUndct2ZI1fMu6lfQqdgLlMAKzWHxfTCKcMKJ0JghpfqOHWs/RVJTzMi8MEgUiRGeojHpGyoQJ8pPF7fO4ZlRRjCMpCmh4UL9PpEirtSMB6aTIz1Rv71M/MvrJzqs+ykVcaKJwMtFYcKgjmD2OBxRSbBmM0MQltTcCvEESYS1iadgQvj6FP5POlUTVMW+9UqN2iqOPDgBp6AMHHAJGuAGNEEbYDABD+AJPFvcerRerNdla85azRyDH7DePgGuIY34</latexit>

T↵(x)
<latexit sha1_base64="mgTt1uBu5GQc46kJhheSj58GbjI=">AAAB8nicdVDLSsNAFJ3UV62vquDGzWAR6qYkTa1xV3DjskJfkIYymU7aoZNJmJmIJfQzBHFREbd+jTvRj3HaKqjogQuHc+7l3nv8mFGpTPPVyCwtr6yuZddzG5tb2zv53b2WjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3RxcxvXxMhacQbahwTL0QDTgOKkdKS2+h1EYuHqHhz0ssXzJJlV8q2CTVxLNuualKuVE6dc2iVzDkKtYN4evf+5tR7+ZduP8JJSLjCDEnpWmasvBQJRTEjk1w3kSRGeIQGxNWUo5BIL52fPIHHWunDIBK6uIJz9ftEikIpx6GvO0OkhvK3NxP/8txEBY6XUh4ninC8WBQkDKoIzv6HfSoIVmysCcKC6lshHiKBsNIp5XQIX5/C/0mrrIMqmVdWoVYFC2TBITgCRWCBM1ADl6AOmgCDCNyCKXgwlHFvPBpPi9aM8TmzD37AeP4AMt2U5w==</latexit>

↵ ! 0
<latexit sha1_base64="nek18gBdVRACBSVReMXvtdPKwig=">AAAB+3icdVC7SgNBFJ31GeNrjaXNYBBiE3azMcbKgI1lBPOA7BLuTibJkNkHM7NqCPkG/8DGQhFbOys/wc4PsXeSKKjogQuHc+7l3nv8mDOpLOvNmJtfWFxaTq2kV9fWNzbNrUxdRokgtEYiHommD5JyFtKaYorTZiwoBD6nDX9wMvEbF1RIFoXnahhTL4BeyLqMgNJS28y4wOM+uIL1+gqEiC6ttpm18rZTLDgW1qRsO05Jk0KxeFA+wnbemiJ7/Jx7f7l296tt89XtRCQJaKgIBylbthUrbwRCMcLpOO0mksZABtCjLU1DCKj0RtPbx3hPKx3cjYSuUOGp+n1iBIGUw8DXnQGovvztTcS/vFaiumVvxMI4UTQks0XdhGMV4UkQuMMEJYoPNQEimL4Vkz4IIErHldYhfH2K/yf1gg4qb53Z2UoJzZBCO2gX5ZCNDlEFnaIqqiGCrtANukP3xti4NR6Mx1nrnPE5s41+wHj6APGYmLo=</latexit>

↵
<latexit sha1_base64="WyKXAVt3U/xvWapL9oxc1Gfdx8Y=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgKewma4y3gBePEcwDkiX0TmaT0dmZZWZWCEv+wYsHRbz6P978GycPQUULGoqqbrq7woQzbVz3w8mtrK6tb+Q3C1vbO7t7xf2DtpapIrRFJJeqG4KmnAnaMsxw2k0UhTjktBPeXc78zj1VmklxYyYJDWIYCRYxAsZK7T7wZAyDYskte1W/UnWxJXWvWq1ZUvH9s/oF9sruHCW0RHNQfO8PJUljKgzhoHXPcxMTZKAMI5xOC/1U0wTIHYxoz1IBMdVBNr92ik+sMsSRVLaEwXP1+0QGsdaTOLSdMZix/u3NxL+8XmqiepAxkaSGCrJYFKUcG4lnr+MhU5QYPrEEiGL2VkzGoIAYG1DBhvD1Kf6ftCs2qLJ77ZcatWUceXSEjtEp8tA5aqAr1EQtRNAtekBP6NmRzqPz4rwuWnPOcuYQ/YDz9gnowY9R</latexit>

f0(x, p) =
g

(2⇡)3 e
� pµuµ(x)

T (x)

<latexit sha1_base64="uMUIL0PPP0WSTQh6zTlqqFC/w+w="></latexit>

f(x, p) = A
h
1 + ↵

T↵(x)p
µuµ(x)

i� 1
↵

<latexit sha1_base64="rAkxU4JiVLPnhatEWtcSZ9qqJLw="></latexit>
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How does spectrum and flow change? 

• Spectrum: exponential like → power-law tail (sounds good)

Adam Takacs
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How does spectrum and flow change? 

• Spectrum: exponential like → power-law tail (sounds good)
• Flow:

Boltzmann: 

Tsallis:
(looks interesting!)

vn(p) =
R
d� cos(n�)E d3N

d3pR
d�E d3N

d3p
<latexit sha1_base64="aLPd3SZj7reseuDiBMfBepH/x/4="></latexit>

vn(p) ⇠ e�ap

e�bp = e�(a�b)p ! 1
<latexit sha1_base64="H6TTl9B5RNfGY2VIaLB0+ifxiEU="></latexit>

Adam Takacs

vn(p) ⇠ (ap)�1/↵

(bp)�1/↵ !
�
a
b

�� 1
↵  1

<latexit sha1_base64="5F7zd/5FfVVyNXVr5Q6/2veQsOk="></latexit>
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Hydrodynamic Simulation

1. Initial condition: Au+Au @ 200 GeV optical Glauber model S0=110 fm-3.
2. 2+1D numerical ideal hydro with Azhydro.

3. Cooper– Frye freeze-out with Tsallis
and q are fixed,

4. Resonance decays are included.

Tf = 140 MeV
<latexit sha1_base64="h/brhbiQjwspB/ZAkD549MFMbJw=">AAAB+3icdVBNS0JBFJ1n3/Zltoo2QxIEgbynZrYIhDZtggI1QUXmjffl4LwPZu4L5eFfadOiiLb9kXb9iv5CoxZU1IELh3Pu5d573EgKjbb9ZqXm5hcWl5ZX0qtr6xubma1sQ4ex4lDnoQxV02UapAigjgIlNCMFzHclXLuDs4l/fQtKizCo4SiCjs9uAuEJztBI3Uy21vVOnZLdRhhiQi+gMe5mcnbeKZYKRZsaUnGKxbIhhVLpqHJCnbw9Ra66c7d9WH+nl93Ma7sX8tiHALlkWrccO8JOwhQKLmGcbscaIsYH7AZahgbMB91JpreP6b5RetQLlakA6VT9PpEwX+uR75pOn2Ff//Ym4l9eK0av0klEEMUIAZ8t8mJJMaSTIGhPKOAoR4YwroS5lfI+U4yjiSttQvj6lP5PGgUTVN6+cnLVMplhmeySPXJAHHJMquScXJI64WRI7sgDebTG1r31ZD3PWlPW58w2+QHr5QODwZZa</latexit>

"(x), P (x)
<latexit sha1_base64="bQNTys2VrYt5GE7gistAAZPEyGc=">AAAB/HicdVDLSgMxFM34rPVVLbhxEyxCBSkznVrrruDGZQX7gLaUTJppQzPJkGSKZajf4Uo3LhRx64e4E/0Y01ZBRQ/cy+Gce8nN8UJGlbbtV2tufmFxaTmxklxdW9/YTG1t15SIJCZVLJiQDQ8pwignVU01I41QEhR4jNS9wenErw+JVFTwCz0KSTtAPU59ipE2UieVbg2RJKGiTPDs5cFhxbROKmPnHLeQd21oSMlx3aIh+ULhqHQCnZw9Raa8E95cv7+VKp3US6srcBQQrjFDSjUdO9TtGElNMSPjZCtSJER4gHqkaShHAVHteHr8GO4bpQt9IU1xDafq940YBUqNAs9MBkj31W9vIv7lNSPtl9ox5WGkCcezh/yIQS3gJAnYpZJgzUaGICypuRXiPpIIa5NX0oTw9VP4P6nlTVA5+9zJlItghgTYBXsgCxxwDMrgDFRAFWAwArfgHjxYV9ad9Wg9zUbnrM+dNPgB6/kDQ4iYNw==</latexit>
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Results: hydrodynamic simulation
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Results: hydrodynamic simulation
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• Power-law tail appears
• Better agreement with data!
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Results: hydrodynamic simulation
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Results: hydrodynamic simulation
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• Suppression in flow!
• Better agreement with data!
• Mass ordering in the suppression, like shear viscosity!
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Backup: changes in other observables
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Results: hydrodynamic simulation

Adam Takacs COST Workshop Lund 28-02-2019

Reprint: D.Molnar & Z.Wolff, Phys.Rev. C95, 024903 (2017)

• Non-ext. behaves like shear viscosity (no viscosity in the model)!
• Comparison to viscous calculation:
• From fits to spectra: 

↵ ⇡ 0.05 $ ⌘/s = 0.05
<latexit sha1_base64="EBzOHkUJUddbqF7cMmLSczejsxE="></latexit>

Viscous calculation:

K.Urmossy, G.G.Barnafoldi, T.S.Biro, 
J.Phys. Conf.Ser. 612 012048 (2015)

↵ = 0� 0.07
<latexit sha1_base64="Qc2XlCDTqofs/5NG4C3iSfBwhfk=">AAAB9HicdVDLSgMxFM3UV62PVl24cBMsghuHjJZpuxALblxWsA9oh5JJ0zY08zDJFMrQ73DjQhG3fokrF4JfUzNtBRU9cOHknHvJvccNOZMKoQ8jtbS8srqWXs9sbG5tZ3M7u3UZRILQGgl4IJoulpQzn9YUU5w2Q0Gx53LacIeXid8YUSFZ4N+ocUgdD/d91mMEKy05bczDAT5HJ8hExU4uj0y7bNlFBPV7hoRYdqFUgNZCyV9M91/L0/dstZN7a3cDEnnUV4RjKVsWCpUTY6EY4XSSaUeShpgMcZ+2NPWxR6UTz5aewCOtdGEvELp8BWfq94kYe1KOPVd3elgN5G8vEf/yWpHqlZyY+WGkqE/mH/UiDlUAkwRglwlKFB9rgolgeldIBlhgonROGR3C16Xwf1I/Na0zE11b+YoN5kiDA3AIjoEFiqACrkAV1AABt+AOPIBHY2TcG0/G87w1ZSxm9sAPGC+ftImVIg==</latexit>
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Summary

Adam Takacs COST Workshop Lund 28-02-2019

• Relativistic Boltzmann distribution (thermal equilibrium) is an
approximation.

• To study a specific type of correction (using Tsallis distribution):
1. Finite size effects and correlations.
2. More suitable for the spectrum (power law tail) and the flow (vn < 1).
3. Isotropization? Conformal theories do not require equilibrium.

• The correction has important effects:
• Better spectra.
• Suppressed flow
• Mimic shear viscosity:

• Future:
• Extend to viscous calculation.
• Study kinetic transport for an exact correction. Better understand

↵ ⇡ 0.05 $ ⌘/s = 0.05
<latexit sha1_base64="L7LvUfxic66m3/XLA+f1Xca6omg="></latexit>

↵
<latexit sha1_base64="V0pssrhlWrpwqDZIVoEArhKASyY=">AAAB7XicdVC7SgNBFJ2NrxhfUUtBBoNgIWE3GzVWBmwsEzAPSJYwO5lNxszOLDOzQlhS2ttYKGJrbed32PkN+hFOEgUVPXDhcM693HuPHzGqtG2/WqmZ2bn5hfRiZml5ZXUtu75RVyKWmNSwYEI2faQIo5zUNNWMNCNJUOgz0vAHp2O/cUmkooKf62FEvBD1OA0oRtpI9TZiUR91sjk777jFgmtDQ0qO6x4aUigWD0rH0MnbE+ROnt6utp+r75VO9qXdFTgOCdeYIaVajh1pL0FSU8zIKNOOFYkQHqAeaRnKUUiUl0yuHcFdo3RhIKQpruFE/T6RoFCpYeibzhDpvvrtjcW/vFasg5KXUB7FmnA8XRTEDGoBx6/DLpUEazY0BGFJza0Q95FEWJuAMiaEr0/h/6ReMEHl7aqTK++DKdJgC+yAPeCAI1AGZ6ACagCDC3ANbsGdJawb6956mLamrM+ZTfAD1uMH4P2Ttw==</latexit>

P.Arnold, J.Lenaghan, G.D.Moore, L.G. Yaffe, Phys. Rev. 
Lett. 94, 072302 (2005)
M.Luzum & P.Romatschke. Phys.Rev. C78 034915 (2008)
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Thank you for your attention!

Adam Takacs COST Workshop Lund 28 -02-2019
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How does spectrum and flow change? 

• Spectrum: exponential like → power law tail
• Flow:

• Simple 4 -source model:
4 -uniform fireballs, no long. expansion,
boosted sym. (�vx, �vy) and T=const freeze-
out

vn(p) =
R
d� cos(n�)E d3N

d3pR
d�E d3N

d3p
<latexit sha1_base64="aLPd3SZj7reseuDiBMfBepH/x/4="></latexit>

f4s(p) = f |vx + f |�vx + f |vy + f |�vy
<latexit sha1_base64="2FkY+moWd9HF2nT0Labf/TdlxvU="></latexit>

Adam Takacs

P. Houven et al Phys. Lett. B 503, 58 (2001)
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How does spectrum and flow change? 

Result from 4 -source model: suppression in v2!

Adam Takacs COST Workshop Lund 28 -02-2019
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Backup: describing hydro fields with non-ext. distr.

Adam Takacs COST Workshop Lund 28 -02-2019
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Backup: non-ext. parameter vs. shear viscosity

D.Molnar & Z.Wolff, Phys.Rev. C95, 024903 (2017)
Z.Wolff & D.Molnar, Phys.Rev. C96, 044909 (2017)
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Backup: v4 with non-ext. f
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