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Connecting Quarks to the Cosmos: Eleven science

questions for the new century

US National Research Council, http://www.nap.edu/catalog/10079.html

“The existence and properties of this new phase of
matter have important cosmological implications.”
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Basics of cosmology (1)

Theoretical framework = General Relativity (GR)

=» Curved space-time

ds* = g, (z) dz* dz”

=>» Einstein’s field equations

Ricci tensor Scalar curvature Metric tensor Newton constant

1 87TGN
112 N V1 % pv 1%
f% 59 Z?+Ag — T
G v

Einstein tensor Cosmological constant | | Energy-momentum tensor

“Space tells matter how to move and matter tells space how to curve”, John Archibald Wheeler
cited in CW. Misner, K.S. Thorne and W.H. Zurek, Physics Today, April 2009, 40-46



Basics of cosmology (2)

Cosmological principle: homogeneity
and isotropy of the Universe, meaning
that there is no privileged point playing
a particular role

Friedmann-Lemaitre-Robertson-Walker (FLRW) metric:

Co-moving coordinates (t,r, 0, ¢), i.e. at rest w.r.t. the entire Universe

dr?
1 — Kr?

ds® = c*dt* — a*(t) + r2(df? + sin® dg?)

N

do?2=Spatial metric

Scale factor

+1 closed space with positive curvature
K = 0 = flat space with zero curvature
—1 = open space with negative curvature



Basics of cosmology (3)

Ideal fluid: T"" = diag (¢, —P, —P,—P) with € = energy density = pc

p = mass density

P = pressure

Friedmann equation:

N2
Q ST Kc? ,
= () =R B with =gt it

Hubble parameter Matter | | Radiation | | Vacuum
B Ac?
PA = 87TGN

Universe budget: Qo+ Q.+ Q7 =1 —Qk

TGN Kc?
772 pi and Qg = 772,72

with Qi =




Basics of cosmology (4)

Equation of state: P = we with de _ _3 8mGne

dt 5 (€

+ P)

e w = 0 for non relativistic matter (no pressure)

a(t) oc t?/3 and H(t) = 2

e w = + for radiation or ultra-relativitic (massless) matter

— 3
a(t) oc t'/? and H(t) = %

e w = —1 for the cosmological constant
a(t) o< exp ( A t) and H = /25

Standard model of cosmology = ACDM model (also called cosmological

concordance model)
Cold Dark Matter

Dark energy



An expanding Universe

* Distance to a galaxy at t, (today)

d = agr with r representing the fixed co-moving coordinate

e Hubble law (for near galaxies): a = Ha = v = Hyd
» Hubble diagram B VDA SR
v U [ M. Bétoule et al., A&A 568, A22 (2014) HST ;. A
Diagram published by Hubble in 1929, g Q “r 3 —\ ]
Cited in J. Lesgourgues, An overview of cosmology, c ! L Flat ACDM model (KZO) ]
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Planck Collaboration, arXiv:1502.01582 [astro-ph] 8
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A flat Universe

Cosmic Microwave Background
(CMB) temperature map
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ACDM model fit result (Planck Qi = 0.0008 :|:8:88§8 @95%CL
+ external data) QO = 0.3089 & 0.0062  Q68%CL

Planck Collaboration, arXiv:1502.01589 [astro-ph]

Qx =0.6911 +0.0062 @68%CL



Early Universe = particle era

accelerated
expansion

Structure

Cosmic Microwave !
formation

RHIC & Background radiation
Accelerators ILHC is visible

']eCiV‘:/"
[LHC ions

protons R \e universe

High-energy |

: Size of visib
cosmic rays \'

Ultra-relativistic particle era

means Universe dominated ¢

by radiation with an energy g
density EY 3 3¢ -

2 + E

€rad — gTT o

30

N
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t = Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10710 joules)

neutrino q ion * star

A & bosons 3
©® clectron 77 e atom W galaxy

A\

(ai) meson

@ muon black
@ baryon A photon hole

@ tau
The concept for the above figure originated in a 1986 paper by Michael Turner. PO rﬂCle DO"’O G rou p, I_B N L © 2 O ] 5 SU ppo rfed by DO E
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The Standard Model of particle physics

Fermions: spin %

Quarks: 3 colours

Neutrinos: only
left-handed state

The Standard Model

Strange

+ anti-fermions

sisle”) 92104

Gauge bosons: spin 1

Gluons: 8 colour
states

Higgs boson: spin 0
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Degrees of freedom in Standard Model era

Counting degrees of freedom in the Standard Model with T>>m,_ =173 GeV

top

* gboson = 4'Higgs + 4EW boson X 2massless spin 1 + 8gluon X 2massless spin 1 =28
* gfermion = 2(anti-)partic|e X 3fami|y X (2quark X 3co|or X 2spin 2 + 1I— X 2spin % + 1v X 1Left) =90

* 8sm = Bboson T (%)massless X Efermion ~ 107

20(Q . D Schwartz, Ann. Phys. (Leipzig) 12 (2003) 220 MSSM _ |
P ~
v
100 - /_/
| — M
>0 BBN QCD EW
ree— transition transition |
5o . annihilation /
10 -
: “Strongest” phase
5t transition Ag = 45
107 10" 10° 10 10°

T [MeV]
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QCD transition: last lattice results

Phys. Rev. D 85, 054503 (2012)
195 I I I AL I I I

Transition temperature at zero net 190 | ]

baryon density with lattice QCD 185 - To [MeV] Physical myms 4
lculati t lated t ti 1807 HISQiree —E— ]

calculation extrapolated to continuum 175 Pt psqiad O -

limit 170 A L

165 ' ________________ N

160 | 4 P

TQCD = 154 + 9 Mev 155 . ________________________ i

150 L Combined continuum extrapolation |
= 18 X 1012 K HISQ/tree: quadratic in N2
145 1 Asqtad: quadratic in N2 )
140 | N2 -
135 | | | | | | |
Phys. Rev. D 90, 094503 (2014) 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
16 [ -
non-int. limit . . oy
! i Corresponding energy density at transition
g
e e. = (0.18-0.5) GeV/fm?3
3p/T4 |
g/T4 ]
35/4T3 - 3P L €
l T4 T4
T [MeV] . . ..
ol QCD equation of state (EoS) # Radiation EoS

130 170 210 250 290 330 370
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QCD phase diagram: Universe path

US National Research Council, http://www.nap.edu/catalog/10079.html
modified following P. Minkowski and S. Kabana, J. Phys. G: Nucl. Phys. 28 (2002) 2063-2067
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Neutron Stars?
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Measuring the transition temperature

Statistical hadronization of quarks and
gluons in hadrons

* Freeze-out temperature (= transition

temperature): T,, = 156 MeV
* Baryon chemical potential at freeze-

out:p; =0
200 ™TTTTTTT ™T T TTTTT ™TTTTTTT
% e T i T :
s 180 |~ |
— 160 |- - o " ]
- :?}% .
140 |¢ —
- U ]
120 - I Early Universe I A
100 [ -
80| - ]
- Thermal fits (central collisions) O 7
60 [~ O Cleymans etal. (PRC 59 (1999) 1663) Q3
~ [0 Andronic et al. (PLB 673 (2009) 142) <> ]
40 = A" Manninen, Becattini (PRC 78 (2008) 054901) 1
oo [~ * STAR(PRC 81 (2010) 024911; 83 (2011) 024901) ]
- <7 ALICE (prelim., QM 2014) ]
0_ ul Lo Ll NIRRT .
2 3
1 10 10 10
ug (MeV)

A. Andronic, Int. J.

Mod. Phys. A 2014.29

A. Andronic, Int. J. Mod. Phys. A 2014.29

- Fr T I I L L
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10"k &4 E
LS ]
102F E
10-3 E 3H E
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otk = _H ]
- W Data (ALICE)
10° = Thermal model, T=156 MeV (V=5330 fm°) Tz
- ... 'He
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107'....|.”.|....|....|....|....m...|....'
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QCD transition explored at LHC is
very closed to early Universe one
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Radiation EoS

r 7T—Qg T >
< 30, T with gp =4 917 9BW +gqap for T 2 Tqco
p_ i g T 92 =9ew +gnc for T < Tqep
x 90~ "

and gpw = 14.25

1 242
2H /97 (Timevy)?

QCD phase transition timing assuming a temperature transition T, = 154 MeV

Friedmann’s equation gives  t[s] =

gPhOtO" (+ qluons gIeptons (+3
or pions) quarks)
Transition
. : 1 ~
starting point e 50 g, =62 13 ps
Transition
end point 2 14 g, =17 25 ps

Mty = 12 s




Bag EOS K. Yagi, T. Hatsuda and Y. Miake, Camb. Monogr. Part. Phys. Nucl. Phys. 23 (2005)

Bag model: free massless quarks and gluons bounded by a negative pressure,

the bag constant T2 A
= (QQGP — QHG)%TQCD

r 2
= —qT"'+B
T 2 Tocep X 379
P=_—qT*-B
\ 9091
( 2 2
= [1 - f(1)] [3091TQCD + B] + f(t )30 92TQCD
T'=1T1qcD ¢ with 0< f(t) <
2 2
T 4 . 4
| P = %ngQCD — B = %92TQCD
r 2
€ = —qgoT*
T S Tocp X 379292
P=—g,T*
\ 9092



Cross-over EoS

Realistic EoS W. Florkowski, Nucl. Phys. A 853 (2011) 173-188

* using lattice prediction constrained by heavy-ion RHIC data

. ' ' de 8rGNeE
numerical solution € _ _4 N (e + P)
dt 3
with thermodynamic relations 04—+
e+ P=1Ts [ 173
0.3+
de =T ds "
dP = sdT o
02
and the sound velocity .
0.1
s, OP  s0T ‘
C —m— — — ——
°*  0e T Os [
0.0
0.0 0.2 0.4 0.6

T [GeV]
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Temperature evolution

Left: first order QCD transition Right:
* radiation EoS * bag EoS
* bag EoS * realistic EoS
with with
* Toep = 154 MeV * Tacp = 169 MeV
* g, =61.75 (3 quark flavours) * g, =51.25 (2 quark flavours)
eg,=17.25 *g,=17.25
> 0'55 QCD transition temperature T___ =154 MeV 050 . -
(3.0‘455 Radiation EoS ) B = (235 MeV) (b)
— 'E Bag EoS: B = (230 MeV)"* f =114 s
003: = 030 t =222 s
- ]
0.25;— 94
3 _ A LN . T.=169MeV
o.é— \ 0.15 | .
005' I e - 010 —— v e
t [US] 10 20 30 40 50

t [pus]
Temperature plateau not present in QCD cross-over transition
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Energy density evolution

Left: first order QCD transition
* radiation EoS
* bag EoS
with
* Tacp = 154 MeV
* g, =61.75 (3 quark flavours)

eg,=17.25
A QCD transition temperature T___ = 154 MeV
§ 10 Qco
S - Radiation EoS
v Bag EoS: B = (230 MeV)*
O, 1
v f

T IIIIIII

2

sl by by by by by g by g by by gy
5 10 15 20 25 30 35 40 45 50

t [us]

o T

2

100

o
&
~
>
O
©,
W
0.1}

0.01

Right:
* bag EoS
* realistic EoS
with
* Tacp = 169 MeV
* g, =51.25 (2 quark flavours)
°g,=17.25

10 F

llllllllllllllllllllllllllll

t [us]

Smooth evolution of energy density with all approaches



Pressure evolution

Left: first order QCD transition
* radiation EoS
* bag EoS
with
* Tacp = 154 MeV
* g, = 61.75 (3 quark flavours)

10
“E‘ & QCD transition temperature Toco =154 MeV
§ - Radiation EoS
O 0l Bag EoS: B = (230 MeV)*
O E
o r
1=
107 =
10_20llllslllll1lolIII115III1210IIII2151Illslolll1315IIII4101III4151II150

t [us]

20

Right:

* bag EoS

* realistic EoS
with

° TQCD = 169 MeV
* g, =51.25 (2 quark flavours)
°g,=17.25

P [GeV/fm’]

t [us]

Bag EoS presents a pressure plateau at QCD transition




Scale factor «(t) =

Left: first order QCD transition
* radiation EoS
* bag EoS
with
* Tacp = 154 MeV
* g, =61.75 (3 quark flavours)
°g,=17.25

0

QCD transition temperature Tocn =154 MeV
Radiation EoS: (t/t, ps)"-s

Bag EoS: B = (230 MeV)*
0.52
......... (tt, )

«©

a(t) / a(1 us)

)

N w

-

/
a(t()) exp / \/87TGN€ t
to
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Right:

* bag EoS

* realistic EoS
with

° TQCD = 169 I\/IeV
* g, =51.25 (2 quark flavours)
+g,=17.25

a(t)/aop

O_IIIIIIIIIIIIIIIIIIITIIIIIIIIIIIIIIIIIII]IIII

o

5 10 15 20 25 30 35 40 45 5

t [us]

0

t lusl

Scale factor evolution with QCD EoS deviates slightly from radiation expectation (Vt)
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Impact on cosmological inhomogeneities

Density perturbation €(x,t) = eo(t) + de(x, 1)

) de
Density contrast 0= —
o  Cross-over EoS
Conformal time n:/w QCD Jttenuation (_30%)

=>» opposite trend w.r.t.

15t order QCD transition
-===EW oscillations triggered

by QCD phase transition

* Bag EoS (1%t order phase transition)
=» amplification of cosmological
inhomogeneities

C. Schmid, D.J. Schwarz and P. Widerin, Phys. Rev. D 59 (1999) 043517

10 1.5 T T T T T T T T T T T T T T T
i \I | | | | | 1 W. Florkowski, Nucl. Phys. A 853 (2011) 173-188
f Orap— n ep
5L \/gq’v'R,AD _.-. STV
" (Fluid velocity) : \ .
0 KD /\ SN 0 R N B i
: QCD _ AR :
5 . e oy T
- ¢, = sound velocity téraESLUOL A -3
- cg=1/3 c; = cg=1/3 4 =5 000)=1, en0)= Y00 en(10)=0 ]
_10 1 | 1 | | | _15 n 1 ] 2 L 1 . ) 1 i X
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 2 4 6 8 10 12
n/n+ Tr = t/to 220 us

Inhomogeneities in the early Universe very dependent on the type of QCD EoS



23

QCD EoS: experimental constraints (1)

S. Pratt et al., Phys. Rev. Lett. 114, 022301 (2015)

Statistical analysis using Markov-chain Monte Carlo calculation

* to constrain 14 independent model parameters = (4 for stress-enegy tensor + 1 for flow
+ 1 for viscosity) for each RHIC and LHC energy + 2 for EoS

* w.r.t. 30 observables (15 RHIC + 15 LHC) = (mean transverse momentum of pions,
kaons and protons + pion yield + 3 femtoscopic sizes) for each 0-5% and 20-30%
centrality classes and elliptic flow for 20-30% class

Pion v, from ALCE 20-30%
centrality class

(a) Model prediction from
random parameters in
pre-defined parameter
space

(b) Model prediction in
constrained parameter
space
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QCD EoS: experimental constraints (2)

S. Pratt et al., Phys. Rev. Lett. 114, 022301 (2015)

Randomly generated (50) EoS for the sound
velocity with the following parameterization

(a) Without experimental constraints

(b) With experimental constraints

1 Xox + x*
20 = e+ (3 -G g o2 d s
Xo = X'Rcg(e)V'12, x =lIne¢/ey, (2)

where ¢, is the energy density corresponding to
T = 165 MeV. The two parameters R and X’ describe
the behavior of the speed of sound at energy densities above
€,. Whereas R describes how the speed of sound rises or
falls for small x, X’ describes how quickly the speed of
sound eventually approaches 1/3 at high temperature. Once

“The resulting constraints
suggest the speed of
sound gradually rises as a
function of temperature
from the hadron gas
value. The band of
equations of state is
modestly softer than that
of lattice calculation, but
has significant overlap.”




Conclusion

» Impact of QCD phase transition on cosmology is an open question
* QGP as the possible source of cosmological dark radiation, J. Birrell and J. Rafelski, Phys. Lett. B 741 (2015) 77-81

» Study of QCD phase transition through hot and dense medium created in
heavy-ion collision can produce valuable inputs for Cosmology

» New experimental results from LHC (closer to early Universe conditions) need
to be taken into account for updated Cosmological implications, via the
constrained EoS

» More experimental data (LHC and RHIC) to come in the next decade with
new challenging ideas

» Interplay between both fields likely to become more important in the next
decade (Stefan Florchinger, Quark Matter 2015, Kobe, October 1, 2015)

* Accelerating cosmological expansion from shear and bulk viscosity, S. Floerchinger, N. Tetradis and U.A. Wiedmann, Phys.
Rev. Lett. 114 (2015) 091301



Big bang — little bang: More than an analogy?
Stefan Florchinger, Quark Matter 2015, Kobe, October 1, 2015

Dark Energy kinetic
Accelerated Expansion freeze-out
Afterglow Light \
Pattern  Dark Ages Development of k y Tt hadronization distributions and
380,000 yrs. ," Galaxies, Planets, etc. o lumpy 'nltla‘l . correlations of
f ' energy den51ty ; oduced particles

l

\
1
Inflation | I

"' QGP phase f

quark and gluon

»
2
Y
W
3
-~

l

Fluctuations

L JJ,A’

L2 . collision ¥ -
1st Stars AL e overlap zone Fp——
about 400 million yrs.

Big Bang Expansion

13.7 billion years T ~ 0 fm/c ~1 fm/c t ~ 10 fm/c

@ cosmol. scale: MPc= 3.1 x 10*> m @ nuclear scale: fm= 10" m
e Gravity + QED + Dark sector e QCD
@ one big event @ very many events

@ initial conditions not directly accessible
@ all information must be reconstructed from final state
@ dynamical description as a fluid

 thermal particle bath with initial fluctuations * colliding nucleus with nucleon distribution

* space-time evolution of GR * expanding medium in “pre-existing” 3D space 5



ALICE

The End
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Cosmological relations
E  Nhc 1

Energy density  €rad — VAV X [a,(t)/ao]

o a(t) ox /t = scale factor at time ¢
e ay = scale factor today

e 2 = redshift corresponding to time ¢

Temperature

T(z) =To(1+ 2)
with Ty today temperature (CMB)

Scale factor a(t) X W

1= (01+2)



Heavy-ion collision picture

t (tm/c)

1fm/c=3x10%s

\Free{eomT A time 7 /A

Hadron Gas

|

central region

Two nuclei are sent in (frontal) collision at high energy
(Lorentz contraction): d = d,/y with y = 1468 at LHC (run 1)

29



Statistical hadronization in heavy-ion *

collisions
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QCD phase diagram

~~ 200 [T ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ \
% e === Lattice QCD i
s 180 - —— Chiral EFT -
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A. Andronic, EMMI workshop: Imprints the QGP, 16-17 April 2015



Hydrodynamic description of heavy-ion

collisions

Spatial asymmetry in non central collisions results in
anisotropic particle distribution in momentum space (flow)

>N 1
E _

d*N

d3p 2w prdprdy

n=1

* B. Miiller, J. Schukraft and B. Wyslouch, Annu. Rev. Nucl. Part. Sci. 2012.62:361-386

* ALICE Collaboration, JHEP 06 (2015) 190

<1 + 2 Z Un cos(ngp)>

L ALICE preliminary |
Tl aK Pb+Pb \jgNN= 2.76 TeV : } -
o - o p  Centrality 20-40% + +,T
E‘ : AZ { ¥
.g 02+ Y Q +} +
S Hydro
> CGC, 5/s =0.20
o 0.1 VISHNU VISH2+1
; —nx =B
i — K "Q
! . TP |
00 1 2 3 4

Good description of particle
flow by hydrodynamics models

e constraint on QGP EoS

* QGP behaviour in

agreement with a nearly

perfect fluid (shear viscosity

n over entropy density s)
4nin/s £ 2.5

to be compared to the
conjectured AdS/CFT limit
4nin/s 2 1

P. Kovtun, D. Son and A. Starinets,
Phys. Rev. Lett. 94, 111601 (2005)



Hydrodynamic description of QGP

(M Energy-momentum conservation (here for a perfect fluid)
8, T" =0
with TH = (e + P)utu” — Pg"”
€ = energy density

P = pressure

ut(z) = ~(x)(1,v(z))
g,ul/ — dlag(la _17 _17 _1)
@ Baryon number conservation
0 =0
with 5 (z) = np(z)u”(x)

ng(x) = baryon number density

@3 Entropy conservation
Op(sut) =0
with s(x) = entropy density

4 Equation of state (lattice QCD)
p = p(e)
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Cosmological inhomogeneities

W. Florkowski, Nucl. Phys. A 853 (2011) 173-188
Below we study the system of equations introduced by Schmid, Schwarz, and Widerin [17,

18]. They read Linearization of Einstein’s field

1 tions for a density perturbation, .
—8 +3(c2 —w)s= — 3(1+w)a, €AY yp 7 26

H ( ) 1/f ( ) i.e. scalar (longitudinal) sector of the )

l‘séw £¢ew — 4a, perturbed metric for a time- 27)

H H k orthogonal foliation of space-time

—1,0 +(1—3w)w——cs—6—(l+w) a, " Tda (28)

k 4k T ady
ﬁwcw = _ﬁacw - ﬁa’ k = Fourier coefficient (29)

of perturbed mode

k\> 9 3 ,
[(ﬁ) + 5(1 + WR):|a = —5(1 + 3CSR)6R. ()/ — 877 — a@t (30)

Egs. (26) and (27) follow from the energy—momentum conservation, Egs. (28) and (29) from
the 3-divergence of the Euler equation of general relativity, and Eq. (30) from the Einstein
R8 -equation. The prime denotes the derivative with respect to the conformal time 7 defined by
Eq. (22). The quantities § = d&/e and d.y, = S€ew/€ew describe the energy density fluctuations
(density contrasts for strongly-interacting and electro-weak matter, respectively), ¥ and ey are
related to the fluid velocities (peculiar velocities, again for strongly-interacting and electro-weak
matter, respectively), and « defines the correction to the temporal part of the metric tensor (lapse
function).




