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Our Paradigm

RHIC Scientists Serve Up "Perfect" Liquid

New state of matter more remarkable than predicted -- raising many new questions

Infinite viscosity Very low viscosity



Kolb, Heinz, nucl-th/0305084; Lisa et al. New J. Phys. 13 (2011) 065006
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- Main evidence:
Anisotropy
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X-anisotropy = p-anisotropy oy

Hara et al., Science 298, 2179 (2002)
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Coordinate space: Collective interaction Momentum space:
initial asymmetry pressure final asymmetry

1500 us

Strong elliptic anisotropy is measured
2000 ps



Consistent with Hydrodynamics




Some recent thinking...

1. Opacity
2. Quantum effects

Motivated by small systems...



Hydro!

Mean free path?
L, = 1/pc, Prob. = exp(—L/Lusm)

a = 5x10™ cm
G, = 108 cm?
p = 5x1013 /cm3
Lonsp = 2x10° cm
L=2x103cm
L/L_. = 1000

mfp

Very high opacity for
the cold atom system
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Low opacity in QGP
modeled by AMPT
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Majority anisotropy from escape

L. He, T. Edmonds, Z.-W. Lin, F. Liu, D. Molnar, FW, arXiv:1502.05572
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* Majority of anisotropy comes from the final-step “escape” mechanism.

e This small v, is due to dynamics, result of hydrodynamic pressure push.
It is this flow that is most relevant. However it plays a minor role.

* May explain small system data and weak energy dependence.



Relative escape contribution
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Escape contribution still sizeable even at x10 larger x-sections.



Anisotropy mechanism

No expansion Expansion, flow
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Mean free path?

L, = 1/po, Prob. =exp(-L/L
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Low opacity in AMPT
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Is QGP classical?

Li: M~6000 MeV 9,8: M~0 MeV \E
o T~1uK~101tMeV T~200 MeV =
X~20um, y~100um x~3fm, y~4fm e
p~(TM)2~10°MeV p~200MeV 2
E quantum~1/(mr?)~102°MeV E qguanum~200 MeV ~
p quanyum~1/r~103MeV p quanum~1/r~200MeV
isible! |
Negligible! Comparable! s
Cold atoms are hot, QGP is cold, o
“classical” w.r.t. trap size. qguantum mechanical. N




QM uncertainty principle
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Infinite square well
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Single state anisotropy
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Harmonic oscillator

fermions:
half-integer spin p_f _ <£ s ) — E_ 1(
1‘\ ;: 2m 2 2 2
— EFermi <pf><X2> :(n+%Jh
O spind
@spint ) _<pf>—<p§>_a)x—a)y
2 <pf>+<p§> - o, + o,
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Thermal probability

fermions: fermions:
half-integer spin half-integer spin
1 f ]

1
\ i
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X, y at same Fermi energy, so different number of filled energy levels.

At high temperature, classical limit, sum is approximated by integral:

AN - f dr e~ H1(p.r)/T r e~ K(PYT
= N = N
fdp e—K(p)/T

dp fdrdpe—”l{" )T

then it’s independent of potential.
It’s isotropic at all temperature because K=(px2+py2)/2m is isotropic.
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Thermal probability weight
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D. Molnar, FW, and C.H. Greene, arXiv:1404.4119
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Quantum physics anisotropy

D. Molnar, FW, and C.H. Greene, arXiv:1404.4119
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100 pus
Cold atoms
=0 Strong elliptic anisotropy
K. M. O’Hara et al., Science 298, 2179 (2002)
400 ps

Lithium atoms M ~ 6000 MeV
600 ps Temperature T~ 1 uK ~ 101 MeV
Trap size x~ 20 um, y ~ 100 pm

800 us
h* €
Uy & — v - =107
— 12kgTM (r2) 1+¢
The observed large v, is indeed due to strong interactions.
1500 ps

2000 ps
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Hot.---..

Cold . 2az
Is quantum v, real in QGP? °* #% -
* It should be... but need experi CLASSICAL BB
periment NSy A
to verify (cold atom experiment) EESt
* Cold atoms are “classical.” B . Ton \
Make it Quantum Mechanical. )
e ' * Would be neat to verify QM and B S
- uncertainty principle

:

q,8: M~0 MeV

T~200 MeV :
. ’ x~3fm,y~4fm B
s p~200MeV i, b

-

AL

P quan~1/r~10‘8Mey( 2 p quan~1/r~200MeV

E quan~1/(mr?)~10-2°Me E quan~200 MeV
Negligible! Comparable!
NN
Cold atoms are hot, QGP is cold, =0

classical. quantum mechanical. | | - -




Summary

Close connections between hot QGP and cold atoms.

Cold atoms are hydrodynamical, QGP may not be.

Make it more dilute, or smaller, or less interacting
to mimic QGP.

QGP is gquantum mechanical; cold atoms are “classical.”

Make it smaller, or colder to mimic QGP, and
measure the uncertainty principle.
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Comparison to Hydrodynamics

Strong elliptic anisotropy
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=>» Small value of specific viscosity over entropy n/s
=» Model uncertainty dominated by initial eccentricity &

Model: Song et al. arXiv:1011.2783
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“ ”
flow” in small systems, and everywhere

CMS ppunerosoiyosr  CMS PPD pis 718 20131795 pPb pLe 719 2013) < PPb PR 110 2013) 182302

(d) CM‘.OG@Wc<pT<3.OGeV.'c CMS pPb \/8,, = 502 TeV, N ™ =110 ®) T:-rooi:;;'ff;;? f:::' I:IG.B '-_D.E-:p:-:ti' GeV G.S-:'p:-:ﬂ.ﬁ GE":J'_:

sl 1<p, <3 GeVic ‘ (/% ; ol q' AT.I'.AS p+Po y5,,=5.02 Te\'llﬂ .;'_.% I

L=1ub’ 2<]an|<5

i

Bpan=14.5

R(An,A0)

__: ﬂq)

- 0.2 _IIIIIIII||||||||||||||||||||I|IIII|II__|||||||||||III|IIII|IIII|IIII|IIII|||_
0-20%, 1 < p. <3 GeVic [ 0-5% d+Au @ 200 GeV  (a)] 0-20% p+Pb @ 5.02 TeV (b)]
810 [0-5.0.75]8[0.5,0.75] GeV/c | Py L _D e (@4 _° P e )]
PHENIX dAu rd 3; 0 Y. 0-5% 1 0.20[ M pion 1 opien ]
L e e e e B ! [ ® proton T O proton 1
030 @ PHENIX, 200 GeV, d+Au, 0-5%, [An|e [0.48,0.7] : \\‘\ + } ]
F O ATLAS,5.02TeV, p+Pb, 0-2%, [An|= [2.5] N £ _
025 L : >N 0'15: &% i I \(JQ/ g ]
: /A Q" a PN o ]
« F + + _Q - "‘i-‘;‘iﬁi““vl‘ ‘\l\“q‘ : : 0.10} T & o o .
> o45F . - ”')’:ﬁ““ﬁ‘!‘" i : L [ viscous hydro. T o [}] ]
o J - iy i . L 1
Y S e /(LS ol oosf wertoun Lo O@ ]
F ydro., d+Au |s,=200 Ge 9 L (a r [ — 1
s M6 o el EN A P on ta oo _
F mizg-g:vlh:ﬂ;::;vermmiﬂm B = P Lo b b bono oo o Lo Tnnn b beros oo b b Lo b d
0,00 PR e TR L IR B P 0.5 1.D 1.5 2.0 2.5 3.0 3.5 D.5 1.D 1.5 2.0 2.5 3.0 3.5
0.5 1.0 1.5 R 20 25 3.0 35 *
Pl (Gevic) oz P, (GeVic) P; (GeVic)
[rrTTTr T T T T T T ] X1'[:'_'3"|""|" T X‘]'[:'_'3''|""|""| 6X1'0-'3"|""|""|
1.06F (b)® p : 1.0-2.0 Gelic q o gof @ TPC-TPC, 1.2<Anj<1.8 ] 1oL (®) TPCFTPC-Au, -45<An<2 | | (¢) TPC-FTPC-d, 2<An<4.5
- - Tirack Aﬂ ~3 31 32 r 1<p <3 GeVic 1 M 1<p <3 GeVie A | 1<p <3 GeVie
1.04F 4 5 4 *ZDC 0-20% [ ZDC 0-20% L] 4 «zDC 0-20%
- N ] o, o ] o,
ﬁ 1.02E PHENIX dAU E g _ 0ZDC 40-100% o ©ZDC 40-100% H 0ZDC 40-100% :
: e . : I'_‘lc [ i 2 7
— . : . = 20 1t STAR . ]
O 1.00f- S = - : _
Qgpmee "o _EO 4 T o0 = ¥ (0= R e e = N e b Ofgis =8 F---------—-------+
[~ d‘l'AUDE.-":-:- 1 :..T.|T\...|....|: _...£?|....|....|_ IHL ] ] L]

(93]
o
—
r
(93]
o
—
ra
[43]

1 1 1 1 1 1 G 1 2 * * *
7/28/2015  Collectivity in Small Colliding Systems -- Fugiang \Wang Ad Ad



>0.25F HYDRO limits  circa 2005 7 .
B Very little energy
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How is anisotropy developed in AMPT?

0.04

Parton v,

0.02

L. He, T. Edmonds, Z.-W. Lin, F. Liu, D. Molnar, FW, arXiv:1502.05572

Au+Au (b=7.3 fm)
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Partons freeze out with large
positive v,, even when they
do not interact at all.

This is due to larger escape
probability along x than y.

Remaining partons start off
with negative v,, and become
~isotropic (v,~0) after one
more collision.

Process repeats itself.
Similar for vs.
Similar for d+Au collisions.

24



