Bulk evolution of linearized
fluctuations

Jakub Stérbat:3, Boris Tomasik'2, Marlene Nahrgangs3, lurii Karpenko

1Faculty of Nuclear Sciences and Physical Engineering CTU in Prague
2Matej Bel University, Banska Bystrica
SSubatech, IMT Atlantique, Nantes



Introduction

300 *
200 y s = 62.4 GeV The Phases of QCD

39
250 27

Quark-Gluon Plas ma

Temperature (MeV)
2

| Color
50 ot Superconductor

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p.(MeV)



Hydrodynamic evolution

* Viscous fluid dynamics - effective theory - long time + long wavelength
 Approximate local thermal equilibrium is assumed

* Evolution via update of conserved charges
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e Observation of elliptic flow

* |Input - EOS, Iinitial energy distribution, particlization + final state rescattering



Fluctuations In general

e Quantum fluctuations
 |nitial fluctuations
 Thermal fluctuations
* Fluctuation-Dissipation theorem
* Related to susceptibilities and EoS -> phase structure of QCD

e Sizeable fluctuations at the critical point



Stochastic fluctuations
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 From Israel-Stewart eq. -> relaxation of the noise

* From Fluctuation-Dissipation relation -> correlator of the noise
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e Discretization of delta function leads to
* |Lattice spacing dependence

* Large noise contributions can locally lead to negative densities



Linearized equations

* Introducing a perturbation to hydro equations
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* Decoupling for background and perturbations - perturbations have zero mean
over the ensemble average
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Test of linearized equations in box mode

 VHLLE - periodic boundaries, Cartesian coordinates, static background, NS limit
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Introducing of stochastic noise to linearized equations

e (Given

OtElj — i(Elli _ Cfij)
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* Using redefined shear-stress tensor in Israel-Stewart equations



Structure factor

o Structure factor - correlation of fields - power spectrum
S(w, k) = A - (5U(w, K)sU(w', — k))
* Related to susceptibilities via fluctuation-dissipation relation

 Equal time correlation - static structure factor
S(k) = A - (sUk)SU(=k))

» In linearized regime in continuum - constant - independent of k




Current status

* Using KISS FFT to transform fields to Fourier space
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https://github.com/mborgerding/kissfft

Conclusion and further steps
 Thermal fluctuations should be included - Fluctuation-Dissipation theorem
* Fluctuations provide good basis for studying phase diagram

e Stochastic fluid dynamics

 But it has some difficulties - fluctuation larger than background,
discretization dependence

* Further steps
» (Calculating static structure factor for finer grid
 Dynamic structure factor

 Renormalization of the grid dependence
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Backup
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Linearized equations

* Introducing the perturbation to primitive variables
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 \We arrive at the set of equations
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Linearized equations

* Linearizing the transport coefficients
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Test of linearized equations in box mode

 VHLLE - periodic boundaries, Cartesian coordinates, static background, NS limit
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e Perturbation of sinus wave € = 0.01 mn(Tx)
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Test of linearized equations in box mode

 VHLLE - periodic boundaries, Cartesian coordinates, static background, NS limit
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e Perturbation of sinus wave € = 0.01 mn(Tx)
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Introducing of stochastic noise to linearized equations

e (Given
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Discretization and sampling of noise

* Discretizing the delta function
(EEPN) = | 2mTo(AGTAL + ATATY + 2<

o Sampling from Gaussian with covariance
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 Symmetric tensor

e Subtracting 1/3 of trace from spatial elements

[C. Young, Phys.Rev.C 89 (2014) 2]
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https://arxiv.org/pdf/1306.0472

Normalization of structure factor

oU=LU+ KW

e in NS limitin 1D [A. Donev et al., CAMCOS (2009)]

e dentifiing L and K matrices
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* Using the equation

The structure factor matrix | S(k) = (
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https://arxiv.org/pdf/0906.2425

