Pis’ma v ZhETF, vol. 112, iss. 7, pp. 435 – 436 © 2020 October 10

Collective nuclear vibrations and initial state shape fluctuations in central Pb + Pb collisions: resolving the v_2 to v_3 puzzle

B. G. Zakharov^{1)}

L. D. Landau Institute for Theoretical Physics, 117334 Moscow, Russia

Submitted 17 August 2020 Resubmitted 17 August 2020 Accepted 1 September 2020

DOI: 10.31857/S1234567820190015

The results of experiments on the heavy ion collisions at RHIC and LHC give a lot of evidences for formation of the quark-gluon plasma (QGP) in the initial stage of nuclear collisions (at the proper time τ_0 ∼ 0.5−1 fm) which flows as an almost ideal fluid. The most effective constraints on the QGP viscosity come from the hydrodynamic analysis of the azimuthal dependence of the hadron spectra which is characterized by the Fourier coefficients v_n dN dϕ = N 2π { 1 + ∞∑ n=1 2v_ncos [n (ϕ − Ψ_n)] } , (1)

where N is hadron multiplicity in a certain p_T and rapidity bin, Ψ_n are the event reaction plane angles. For smooth initial conditions at midrapidity (y = 0) in the Fourier series (1) only the terms with n = 2k survive. And the azimuthal anisotropy appears only for noncentral collisions due to the almond shape of the overlap region of the colliding nuclei in the transverse plane. The event plane (for each n) in this case coincides with the true reaction plane and Ψ_n = 0. In the presence of fluctuations of the initial QGP entropy, all the flow coefficients v_n become nonzero. The fluctuations of the initial fireball entropy is a combined effect of the fluctuations of the nucleon positions in the colliding nuclei and fluctuations of the entropy production for a given geometry of the nuclear positions. The most popular method for evaluation of the initial entropy distribution for event-by-event simulation of AA-collisions is the Monte-Carlo (MC) wounded nucleon Glauber model [1 and references therein]. The even-by-event hydrodynamic modeling with the MC Glauber (MCG) model initial conditions has been quite successful in description of a vast body of experimental data on the flow coefficients in AA-collisions obtained at RHIC and LHC. However, in the last years it was found that the hydrodynamical models fail to describe simultaneously v_2 and

1)e-mail: bgz@itp.ac.ru

v_2 flow coefficients in the ultra-central (b → 0) Pb + Pb collisions at the LHC energies. For central collisions, at b = 0, the anisotropy of the initial fireball geometry originates completely from the fluctuations. The hydrodynamic calculations show [3, 2] that for small centralities in each event the v_n for n ≤ 3 to good accuracy satisfy the linear response relation

v_n ≈ k_nϵ_n, (2)

where ϵ_n are the Fourier coefficients characterizing the anisotropy of the initial fireball entropy distribution, ρ_s(ρ), in the transverse plane defined as [4]

ϵ_n = | |∫ dρρ^ne^{inϕ}ρ_s(ρ) | | ∫ dρρ^nρ_s(ρ)

. (3)

Here it is assumed that the transverse vector ρ is calculated in the tranverse c.m. frame, i.e., ∫ dρρρ_s(ρ) = 0.

The hydrodynamic calculations give k_2/k_3 > 1, and this ratio grows with increase of the QGP viscosity. On the other hand, the MCG calculations show that at b = 0 ϵ_2 and ϵ_3 are close to each other (and are ∼ 0.1 for Pb + Pb collisions). This leads to prediction that v_2/v_3 > 1. But experimentally it was observed that v_2 is close to v_3 in the ultra-central 2.76 and 5.02 TeV Pb + Pb collisions [5, 6]. Since the hydrodynamic prediction for k_2/k_3 seems to be very reliable, this situation looks very puzzling (it is called in the literature v_2-to-v_2 puzzle). This leads to a serious tension for the hydrodynamic paradigm of heavy ion collisions.

There were several attempts to resolve the v_2-to-v_2 puzzle by modifying: the initial conditions [7, 8], the viscosity coefficients [9], and the QGP equation of state of [10]. However, these attempts have not been successful. The common feature of all previous analyses devoted to the v_2-to-v_2 puzzle is the use of the Woods–Saxon (WS) nuclear distribution for sampling the nucleon positions in the MC simulations of Pb + Pb collisions. In fact, this is an universal choice in the physics of high-energy

Письма в ЖЭТФ том 112 вып. 7 – 8 2020 435

436 B. G. Zakharov

heavy ion collisions. However, the MC sampling of nucleon positions with the WS distribution completely ignores the collective nature of the long range fluctuations of the nucleon positions. It is well known that the long range 3D fluctuations of the nuclear density have a collective nature and are closely related to the giant nuclear resonances [11] (for more recent reviews see [12, 13]). The major vibration mode of the spherical 208Pb nucleus corresponds to excitation of the isoscalar giant quadrupole resonance [11]. These collective quantum effects are completely lost if one samples the nuclear configurations with the WS distribution. It is clear that an inappropriate description of the 3D long range fluctuation of the nucleon positions in the colliding nuclei will translate into incorrect long range fluctuations of the 2D initial fireball entropy density, which are crucial for ϵ_{2,3} in the central AA-collisions, when they are driven by fluctuations.

With the help the energy weighted sum rule (EWSR) (for a review, see [14]), we demonstrated that the WS distribution overestimates considerably the mean square nuclear quadrupole moment of the^{208}Pb nucleus as compared to that obtained in the quantum treatment of the quadrupole vibrations. From EWSR we obtained for the ratio of the classical to the quantum mean square isoscalar L-multipole operator F_L =

∑_A i=1 r^L_i Y_{Lm}(ρ̂_i) (here ρ̂_i = ρ/|ρ|) a simple formula r = ⟨0|F^+_L F_L|0⟩_c ⟨0|F^+_L F_L|0⟩_q = 2m_N E_c⟨r^{2L}⟩ L(2L + 1)⟨r^{2L−2}⟩

, (4)

where E_c is the centroid excitation energy for the L-mode. For the isoscalar L = 2 operator the EWSR is exhausted by the isoscalar giant quadrupole resonance with ω_q ≈ 10.89 MeV and Γ_q ≈ 3 MeV [15]. Calculation with the Breit–Wigner parametrization of the quadrupole strength function gives the centroid energy E_c ≈ 11.9 MeV. Using this centroid energy, we obtained for the quadrupole mode r ≈ 2.2.

We calculated the azimuthal anisotropy coefficients ϵ_{2,3} in Pb + Pb collisions in the MCG model of [16] by sampling the nuclear configurations for ordinary WS distribution and a modified one which reproduces the quantum mean square nuclear quadrupole moment of the^{208}Pb nucleus. Our results show that for the quantum version the ratio ϵ_2/ϵ_3 becomes substantially smaller than that for ordinary WS distribution. The magnitude of the obtained ϵ_2/ϵ_3 is small enough to resolve the v_2-to-v_2 puzzle.

This work was partly supported by the Russian Foundation for Basic Research grant 18-02-40069mega.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364020190029

1. M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg, Ann. Rev. Nucl. Part. Sci. 57, 205 (2007); nucl-ex/0701025.

2. M. Luzum and H. Petersen, J. Phys. G 41, 063102 (2014); arXiv:1312.5503.

3. H. Niemi, G. S. Denicol, H. Holopainen, and P. Huovinen, Phys. Rev. C 87, 054901 (2013); arXiv:1212.1008.

4. E. Retinskaya, M. Luzum, and J.-Y. Ollitrault, Nucl.

Phys. A 926, 152 (2014); arXiv:1401.3241.

5. S. Chatrchyan et al. (CMS Collaboration), JHEP 1402, 088 (2014); arXiv:1312.1845.

6. S. Acharya et al. (ALICE Collaboration), JHEP 1807, 103 (2018); arXiv:1804.02944.

7. C. Shen, Z. Qiu, and U. Heinz, Phys. Rev. C 92, 014901 (2015); arXiv:1502.04636.

8. P. Carzon, S. Rao, M. Luzum, M. Sievert, and J. Noronha-Hostler, arXiv:2007.00780.

9. J.-B. Rose, J.-F. Paquet, G. S. Denicol, M. Luzum, B. Schenke, S. Jeon, and C. Gale, Nucl. Phys. A 931, 926 (2014); arXiv:1408.0024.

10. P. Alba, V. Mantovani Sarti, J. Noronha, J. Noronha- Hostler, P. Parotto, I. Portillo Vazquez, and C. Ratti, Phys. Rev. C 98, 034909 (2018); arXiv:1711.05207.

11. A. Bohr and B. R. Mottelson, Nuclear Structure, W. A. Benjamin, Inc., N.Y. (1975).

12. S. Kamerdzhiev, J. Speth, and G. Tertychny, Phys.

Rept. 393, 1 (2004); nucl-th/0311058.

13. X. Roca-Maza and N. Paar, Prog. Part. Nucl. Phys.

101, 96 (2018); 1804.06256.

14. E. Lipparini and S. Stringari, Phys. Rep. 175, 103 (1989).

15. D. H. Youngblood, Y. W. Lui, H. L. Clark, B. John, Y. Tokimoto, and X. Chen, Phys. Rev. C 69, 034315 (2004).

16. B. G. Zakharov, JETP 124, 860 (2017);

arXiv:1611.05825.

Письма в ЖЭТФ том 112 вып. 7 – 8 2020