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IN-MEDIUM LANDAU GAUGE GLUON SPECTRAL FUNCTIONS FROM LATTICE QCD

Physics questions
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Quasi-particle descriptions of the (Q)GP Transport properties of QCD

= Early on:ideal gas of massive gluons = Viscosity from zero momentum spectrum

| v T T | — 1 1 4
_ o ipx 12
3 | n=3; é%ilino de x eP* ([T12(0), T < (x)])
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> = 8% n(T) = lim P
yy) 327 %<& —] w—0 w
2 . = Use functlonal methods to express EMT

y functions
Goal: Improve our understanding of the quasi-

particle and transport properties in full QCD

5)(SU2)

=» Gluon spectra from N=2+1+1 twisted mass |8
LQCD simulations

. o

= Current quasiparticle models'e.g. PHSD oal
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Lattice QCD setup
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ETMC ens. (T'=0) D45.32
tmfT ens. (T'#0) D370 D37T0ON,| 4|6 |8 |10/11]12]14] 16 | 18120
g 210 T MeV |762|508(381(305(277|254]218] 191]170[152

a [fm 0.0646

]
ma [MeV]  369(15) Ns 32132(32132(3232|32| 32 |40 | 48

Tuecont [MeV]  193(13)(2) Nmeas [310(400({120({410(420{380|790| 610 |590|280
N, = Ng, range 4-20

= Gluon correlator Dﬁg(q) = (Aﬁ(—q)AE(qD requires gauge fixing (e.g. 0, A" =0)
1
= Minimize Fulgl = 3 Z ReTr (g};ungﬂ) via gauge transf. U, + ug, = gt Uy Gxt e
X,

= At T>0 separation into longitudinal (electric) & transversal (magnetic) mode

v 1 a a q2 a a
PLy = (1= 8,4)(1—5.4) (% _ qqg_j) . Drlo =5y <Z AL Q)AL (—q) — q—‘;A4(q>A4(—q)>

L quV T 1 qﬁ a a
Pl = (10— B8 1, Du(a) = - (1+ 3% ) (As@Asi—a)
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The challenge of gluon spectra
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= Already perturbation theory predicts Landau gauge spectra non-positive definite

2 13

ab _ ) p
Dt ~ - [Log(Py)] #

decays faster than p-?

denominator contains only p-2
mock
2 — MOCk

w[GeV]

UV asymptotics
perturbative
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= |nversion of integral transform required to obtain spectra from correlators

- |.N,, parameters p, >> N. datapoints
D) = } dauk(K;ip) p(w) N T
1 2.data D, has finite precision

= Going to imaginary frequencies improves the inverse problem (see aiso Backus-Gilbert/sumudu)

JOO cosh[w(t— p/2)] o Fourier J°° 2w

D(u) = —
dw - (H) o Hz + w2 P

Do = sinhlwp /2]

(w)

= One possibility: direct projection methods (Pade, Cuniberti, ...)

= Project D, onto a finite set of basis functions: analytically continue the basis functions

N =48

= cancellation in basis function coefficients requires
very high precision of data (D;=D; + D)

1.0

13

Z 0.5
<a

= divergent structures in the correlator D must be
subtracted

= in practice with real-word lattice data only qualitatively
satisfactory results achieved
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The Bayesian strategy
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= Bayes Theorem: Systematic inclusion of additional prior knowledge (I)

1
PlpID, 1] o P[Dlp, IP[plT} PDIp, I =e ", L=5) (Di—DP)?*/of

@ Likelihood: How is the data measured

PoID, 1] . Ploll] = €%, S = Slp(w), m(w)

6p1 Prior: What else is known about p
(functional form of S and default model m: 6S/ép| ,_,,=0)

= Previously BR prior: p positive definite, smoothness of p, result independent of units

P[p|I] x eS S = OLZ Awq (1 — —I— 109[ pl{}) PRLIIYI.B(qu(;‘Ii?)’/;\;T.I82003
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Generalized BR method
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= Bayesian proposals to treat non-positive definite spectra in the literature:

= use quadratic prior S=(p-m)? : too strong imprinting of m on end results
= decompose p into p*>0 and p <0 apriori: beyond prior information

= add shift onto the data & use standard methods: remnant dependence on shift?

= Here instead generalized BR prior:

~Sie]

“ -~ S,_(2m,m)

' — Sor g _ _lp—m] [Ip—ml }
d S S3e = de( — log - +11)

— SEr(h=2m)

v

= absolute deviation |p-m| vs. previously p/m

= new default model function h: confidence in m

= weakest amongst different priors: let the data speak
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Mock data tests
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coshlw(t—p/2)] 5
sinh[wf/2]

2+

Euclidean based recon- -4 |

|
p%nock _

AD/D=10"3 -

N =64, T=.1GeV - T data based

struction exp. hard!
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I T T
m(-2)h(2) == m(0)h(2) pmock
- m(-2)h(4) == m(0)h(4)
m(2)h(2) == m(O)h(1) =

M data based
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Gluon correlators in Landau gauge
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= Conventional separation into longitudinal (electric) & transversal (magnetic) mode

v A 3
Ply =(1—=8u4)(1—8v4) (6m — qqﬁ—g) , Drlq)= N, <Z AL (@A (—q) — g—‘;AE(q)AE(q)>

i=1

quqv 1 i
Pl = (50— 3%) —pp, Dula) = - (1+8) (Astaasi-a)

= An electric and magnetic mass visible at q,=0 q=0: D(0,0)=1/M? increase with T
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The O(4) assumption
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500
500, Transversal =2.10
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" Previous studies used O(4) invariance assumption to generate correlators for q,>0

D(q4,q) = D(0,/95 +q?)

= Here: explicitly compute finite q, and observe range of validity of assumption
= Close to q4,=0 ok but already deviations at q,~21T and end of Brillouin zone problematic
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Raw reconstruction datasets
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® Challenge: while at q,=0 strong difference visible already at q,=2ntT very similar

= See Jan’s talk on how to resolve the correlator beyond the Matsubara frequencies
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Reconstructed Spectra |
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® Clear observation of a peak-trough structure in both channels at low T

= Negative contribution appears slightly stronger in transversal sector
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Reconstructed Spectra I
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Longitudinal f=2.10 Transversal f=2.10
T=0.305GeV

q=0.598-2.33GeV

T=0.305GeV

q=0.598-2.33GeV
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prl &

= Negative trough significantly reduced at T>T-
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Gluon dispersion relation |
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B=2.10 position of the longitudinal quasi-particle peak B=2.10 position of transversal quasi—particle peak
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= Use the peak position of the lowest lying structure to define dispersion relation

" |q| dependence same for large values of spatial momenta, differences at small |q|
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Gluon dispersion relation I
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= Quantitative fit with modified free theory ansatz w°(q) = A4/B? +|q/?

= Resulting masses in qualitative agreement with weak coupling expectations
2
Mg ~ 9T> Mmag ~ ¢ T
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Summary
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= [nvestigating gluon properties provides complementary insight into QGP physics

= Lattice QCD simulations with gauge fixing are an appropriate non-pert. tool

= Extracting spectral properties from the lattice as ill-posed inverse problem
= Positivity violation precludes application of standard approaches

= Novel Bayesian approaches (BR) available for positive definite and general spectra

= [nvestigation of gluon properties in Nf=2+1+|twisted mass lattice QCD
= First study not to rely on assumption of O(4) invariance for correlators
= Clear observation of quasi-particle structure at small frequencies

= Dispersion relation with masses in qualitative agreement with weak coupling

Thank you for your attention - brarogapto Bac 3a BHUMaHHe
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Deriving the BR prior
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= Both functional form of prior distribution and supplied m(w) encode prior info
= Anticipate the situation where no prior estimation of p exists m(w)=const.
= Wish to axiomatically derive P[p|l1]=Exp[S] to encode: p>0 & p smooth (if N_=0)

= Axiom I: Subset independence (same as in Maximum Entropy Method)

SIQy, m(Q1)] + SIQ2, m(Q,)] = S[Q; UQs, m(QUQ,)] 47

S o jdw s(p(w), m(w), w)

= Axiom IlI: Scale invariance (new)

= pitself does not have to be probability distribution: scales differently from 1/w

S = GCJ' dw s (p(w)/m(w)> to make dimensionless: hyperparameter o
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The Bayesian strategy
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= Axiom lll: Smoothness of the reconstructed spectrum (new)
= Goal: in the case of m(w)=m, prior shall choose a smooth spectrum independent of m,
= Penalty for deviation of r=p/m, between adjacent values w; and w,

= If changing r, and r, does not move DP beyond errorbars of the data: r,=r,

T =12 vs. rm=r(1+¢€), 1T2=1(1—c¢)

= Penalty independent of r and symmetric in r,2r,

25(1) —s(r(1 +¢€)) = s(r(1 —€)) = €*C2 = s (r) = C;

= Solution of differential equation:
S = ’o”cjdw (Co L +C21n(ﬂ))
m m
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The Bayesian strategy

szade (co—c1nﬂl+c21n(

Sr=1)=0, S'(r=1)=0, S"(r=1)<0

The strictly concave result (a>0, S<0):

S:ochw (1= +m(2))

)

Axiom IV: Maximum at the prior ( Bayesian meaning of m(w) )

In the absence of data S must be maximalatp=m,i.e.r=1
—s(r)

100}
10
1
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Our prior

0.1
0.01¢

Shannon-jJaynes

10°° 0.001 0.1 10

= The prior probability hence is related to an inverse y-distribution:

N

Plpla, m] = e>/ H et (aAw;) A miT (Aw;)

i=1
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