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QCD phase diagram

Temperature T [MeV]

Nuclei Net Baryon Density

Gert Aarts. Journal of Physics:Conference Series, 706:022004, Apr 2016 2/13
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i Quantum Field Theory at finite

Loic Fernandez, .
T temperature and density

Kneur)
Partition function of statistical physics : Z = Tr e #(H-1N)
P Starting from QFT : Zgrr (Imaginary time formalism)

Theory (TQFT) 0o = 1 .
: o fo+ dtt—lr’foT dr , po—po—ip
@® Periodic/anti-periodic B.Cs for Bosons/Fermions

® In Fourier Space :

/%d N i = 27nT Bosons
o 7 M Po = Wn = (2n+1)xT —iu  Fermions

TZ/CP,B:;EP} : T%j/d%:ﬁ

{Wn}

ZQFT = Zfree gas + radiative corrections
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Thermal
Quantum Field
Theory (TQFT)

Infrared divergences (A¢* model)

A¢* shares properties similar to QCD.

If m = 0 (gluons) and n=0= w, =0 then :

/ dp(pi)k’

® |R-divergent!

Daisy diagram : Most divergent
diagram at order N
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o IR divergences : Resummation
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Structure of a Taylor Expansion

Thermal

Quantum Field Resum a subclass of Daisy diagrams

Theory (TQFT)
S 1 AsT (9 VemiT\ -T AeT2\?
Z B mpg _ - mz + B
ot dm?, 127 ) 127\ % 4

Thermal mass generated by the dynamics of the theory

® Expansion in massless theory — IR-divergences

"Equivalent" resummation : £ —» L+ m?_  $?
Other approach of resummation : (OPT/SPT)
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i Renormalization Group Optimized

Loic Fernandez, M

e Perturbation Theory (RGOPT)
Kneur)

® J-L. Kneur, A. Neveu, QCD T=0, '13
® J-L. Kneur, M. Pinto, A¢* T %0, '16

© L(A0) — LA m(1-06)7)
Renormaliz.ati.on 9 m— m(]- - (S)‘9 y )\ g (S )\
Parearoaton © Expand in § at order O (A¥) then 6 —~ 1

Theory
n_n

O RG invariance requires : "a" and vacuum substraction terms
0 0 0 0
—P(A =0 ; (M— — — VM — A,m)=0
amp( 7m)|m=ﬁ7 ’ ( 8m+6(g)8g 7 m@m)P( m)
OPT @ RG = reduced RG :
0 0
M— A)— A,md=1)=0
(Mo + 5005 ) POLm.6=1)

one-loop Order : RG > a=2 =1 & OPT - m>~ O(AT?)
v 6/13
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L. Fernandez, J-L. Kneur, to appear soon
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QCD : RGOPT
e Mass term for the Gluons : Hard
Loic Fernandez,
mmﬂﬁu. thermal Loops
Kneur
mzAuA"’ - explicitly breaks gauge invariance, (Curci-Ferrari model, cf.
Van Egmond's talk)
Hard Thermal Loop term (E.Braaten and D.Pisarski (1990)) :
RGOPT : A¢?

m’ yy? .
_27}[Gﬂa<(y.zn2 sl v =)

Gauge invariant but non-linear and add dressed
vertices and propagators !

Systematic high temperature expansion : HTLpt (Andersen et al.
2010-2014) State-of-the-art calculations : NNLO
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e High Temperature QCD
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QCD phase
diagram
“ llllllllll!lllll
Thermal
Quantum Field 08 B

Theory (TQFT)

LA é'g
T Q) 06f g= NLO RGOPT (i) ]
RGOPT : Agp* E === pQCD O(¢g°In(g))
e 0.4 === NNLO HTLpt ]
Sn‘;?o;e'ﬁ‘zf u == NLO HTLpt
gNLOéS',gfg‘ e i LQCD 2010 ]
e | LQCD 2014
e [ LQCD 2018
Back-up Slides . . .
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e RGOPT LO Cold& Dense

Loic Fernandez,
(PHD

supervisor : J-L.
Kneur) RG invariance needs vacuum substraction :
4 Kk 4
-m —m- Sy
g =4ras | gozizsngn ; LO— &=
8 no0
(missing in HTL,HDLpt)
4 4
PT _ m m (3 m
Po.r (11, m) = Ncm - Ncﬁ (Z - LOg(M))
L N, 5 3 I+ pF
P +O(p® - m’) —— NPF(M2—*’"2)+*’"4|"(7)
Z)cg " RGOPT 127r2[ 2 2 m ]

improvement

OPT > m~0O(/21) & RG— 3:55
0

PPT_(:::>+<E§E}4O(93
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Renormalization Scheme Change
at NNLO

m — m(1+ B3g3)

RSC was not needed for A¢*
Theoretical constraint on m :

® Asymptotic Freedom (AF) matching
Expected properties of m :

® Pressure should not exceed P,
e P(M=4u)>P(M = u) for large enough p
* Small deviation from MS scheme

Prescription :
Fix B3(g) such as to restore reality of the solution

NB : In HTLpt, mp7 is used, so no problem of imaginary solutions.
But loose resummation properties. Start-of-the-art : NNLO
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Future of RGOPT

Loic Fernandez,
(PHD
supervisor : J-L.
Kneur)

® Equation of State at NNLO for Neutron Star

® Include (HTL) variational mass for gluons

® NLO, and ultimately, NNLO for full QCD at
(T.p)

NNLO Cold &
Dense QCD :
RGOPT
improvement
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i NLO Cold&Dense QCD
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® No real solutions for every pu (Zm(m) +0)

One way to recover realness of the solutions : Renormalization Scheme
Change (RSC)
m—m (1+ B2g?)

LO&NLO : Log (17) and Log (“***) recombine as
Log(““”) =L,

* RG equation «— c1(m,g,M) L2 + c2(m,g, M) L, +c3(m,g, M)
Quadratic equation in L,

R e ¢ Discriminant suggest :

8lr2g
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NNLO Cold&Dense QCD

Starting from P47 (g, i1, m) calculated by :

e A Kurkela, P. Romatschke, and A. Vuorinen. Cold Quark Matter.

Phys. Rev. D, 81:105021, 2010
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Model : Nf = oMy =mg =mg = 0 v Myariationnal -
(Investigating Nf =2+1; my=mg=0; ms ;myug#mys)
Starting from P57 (g, i1, m) without the Gluons.

o P2P}—(g u, m,§ =1) (for one flavor)
® Reduced RG equation gives a real solution m for y € [1.2,2.5] GeV
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Strange quark current mass :
superfl';:rD: J-L. NF = 2 + 1
Kneur)

Loic Fernandez,

ms considered as a perturbation to the (all-order) original massless
theory :

NF ’PQ,f(ga m) - (NF_]-) P2,f(ga m)+P2,f(g7m+ ms)

d 0
M—— = Mi ~Tm s A
Y ﬁ(g) m(g)ms o -
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Renormalization Group

Loic Fernandez,
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Kneur)

Renormalization - Scale dependence : M

g~ g(M) ; m- m(M)
as(M =1 GeV) ~0.42 - /\QCD

Observables are independent of the choice of M

Perturbative RG equation :

d 0 0 0
M—O=\M—+3(g)— —yvymm—]0 =0
Back-up Slides dM ( BM i (g) 0g K mam)

OPT breaks the RG invariance
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’ I t

m
dng 4( 2 9) 2 2. dag > (B+PE 2,
- m 3L, —4Llm+ - )| -O(p" —-m") — 3[m In(i)—up ] -2p
4(2m)4 mom Ty 4(2m)4 m F F
dpg +p,
*9(#27m2)$m2(476Lm)[uprmz\n(u)]
4(2m)*) m
2 4
scirys ( : ")
+ — | + Lm+ LT+« L
Tm(amyb \02 12 tm+ 02,2 Ly +ag2 by
dan 2_ 2 2 2 1 4 185 o 2
—— —0(u’ - m°){ - M [(11C4 - 2Nf)z + 18CF (22 = 8)1(Lm) ——[CA (zza - —zm —332)
(4m)42n2 3 2

9¢,
+ —F (16m?a(1 — i) - 3(7#° - 8)z — 242%) — N (40* — 132/ — 6z2)]Lm
2
C(ul moTL G(”)) c (17 G(”)) N(z‘ M1 G(“)) Guly
+ ——In—=-—+ m) )+ — + m) )+ —In—+ — +G3(m) |+ m) ¢,
al-g ;g e Flyre gyt e 4
- 4 2 2 4 .
g2 = (357315 + 1767 + 9607 (log 2)* — 960(log 2)* — 23040 Lig (1/2) + 12960 ¢ (3)
+ 90N (~393 +224 C(3)))
oy, = 180(—3817 + 286Ny + 48 C(3))
g, = = 720(=807 + 26N5)

@35 = 2880(-81 + 2Nf)

m m u 2 1410
Mm=— , Llpm=h— , = —=Y— | z= M In , L=Inm
I M n I m
Gy () = 327 M2 (~0.01863 + 0.02038° — 0.039/M° L +0.02581#°L2 — 0.03153m>L> +0.01151m2L*)

Gy (i) = 327 M2 (~0.1998 — 0.04797L + 0.1988/> — 0.3560Mm> L + 0.3043m> L% — 0.1611m>L> +0.00791m>L*)

G3 () = 327* m? (~0.05741 — 0.02679L — 0.002828L2 + 0.05716/° — 0.08777Mm> L + 0.0666/m> L

~0.0238142L3 + 0.0138442L%)

Gy () = 32 M2 (0.07823 + 0.0388L + 0.004873L% — 0.07822° + 0.1183Mm>L — 0.08755Mm> L + 0.03203m° L3 — 0.01644m° L*).
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Z-= f DALDYDYDTDC e I’ a7 ) ¥ (Le-vi™v) (3)
Expectation value of an operator O :
1 -5
()= / MdA(x) N det (B +m =)0 &5
With p; # 0 the determinant is no longer positive definite which is

needed for Monte-Carlo method used for evaluation.
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Neutron Star

e A I s e e oY

Logyo p (MeV/fm?)

Muax S 2eMo
M > 0.9 My
C2? <1 : Causal
limit

C2<1/3:
Conformal limit

J. M. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012), URL

https://doi.org/10.1146/
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e Tolman Oppenheimer Volkoff
Loic Fernandez, )
supergi)s:rD: J-L. equatlon (TOV)

Kneur)

Assume a static, spherically symmetric perfect fluid.

5 -1
g dxtdx” = e’ c2dt? - (1 - chT ) dr® - 2 (d6? + sin*0d¢?)

d 2G
EinsteinEquations — d—i =- (1 ricgn) o

dr c2r2

dM 2 4rre(r)
Back-up Slides 7 =47r p(r) = T

M(r) 47T/ dr'r 12 ) 471_/0"dr/r126(c%)

b G(HM() [1 p(r)H . 47rr3p(r)] [1 ) sz(r)]-l
(r) M(r)c? c2r
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