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QCD — Quantum Chromodynamics coeie 48
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o ‘ordinary’ nuclear matter
x 3 (light) quarks (fermions)
+ Interact via gluons (bosons)
x carry color charge

Jefferson Lab, December 2007

o main aspects 6 é sszw;
+ confinement: isolated quarks are "‘=~i§€1§% L B
never observed | 1}{ HI

« asymptotic freedom: interaction " . i
becomes arbitrarily weak at e
Shorter distances HERA experiment, Hamburg,

2004
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Phase diagram of QCD
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o at high temperatures
and/or densities

x free quarks and gluons

(QGP)

o at small temperatures
and densities

+ bound quarks and
gluons (hadrons)

Temperature T [MeV]

o at large densities and low temperatures
x attractive interacton between quarks
* new ground state of matter color superconductivity
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Compact star
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o Atmosphere: ionised atoms,
nuclel and electrons

o Quter crust: nuclel and free
electrons

o Inner crust: nucleons

o Outer core: composed of
n,p,e” and muons

o Inner core: densities above
saturation, exotic matter

[Irina Sagert, Palaver University Frankfurt, June 2008]

F. Weber, astro-ph/0407115

Plasminos —collective excitations of relativistic fermions — p.4/37




Quasiparticles oo
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o Quasiparticles:
x excitations in a system of interacting particles

o Quasiparticle models (QPM) for QCD

x useful phenomenological parametrization for matter
(above T.)

x describes QGP as assembly of non-interacting excitations

o Quasiparticles are I ——
characterized by their
dispersion relations

o dispersion relations: poles of
the propagator (real part)

phonon dispersion relation, Hans—Erik Nielsson, Harvard University
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o relativistic fermionic systems

e quarks, antiquarks and gluons
(QCD)

e electrons, positrons and pho-
tons (QED) -

o high temperature/ density

— 2 types of excitations G. Baym, J.-P. Blaizot, B. Svetitsky,

Phys. Rev. D 46 (1992) 4043

o particles and antiparticles

o additional collective excitations: = plasmino and
anti-plasmino
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o fermionic analogon to plasma oscillation

x plasmon is a guantum of a plasma oscillation

x 'plasmino’: fermionic excitation, 'plasmon’. bosonic

excitation
o significant characteristics of dis-

persion relation:

* minimum at certain p* # 0
x residue vanishes for large
momenta

>
x energygapatp =20 P
* Meets partiCIe branCh at P = Y G. Baym, J.-P. Blaizot, B. Svetitsky,
x plasmino branch has opposite Phys. Rev. D 46 (1992) 4043

chirality and helicity
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o chirality: an object differs from its mirror image

o helicity: projection of the spin onto the momentum direction
high—energy limit: helicity = chirality

o massive particle P: moves with v < ¢
If P is left—=handed in the laboratory system,

P iIs right—handed in a rest frame moving faster than P
= chirality not conserved

o massless system:
chirality is conserved
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Chirality of Plasminos | ek

AAAAAAAAAAAAAAAA

Using the chirality and helicity projectors

1 4= 5 1 £ 9577 - D

and the energy projectors are

1+ v7-p

b oyt + o

Af=Ph+ P = ——

1 —v7:p
2

= A;; . product of projectors with the same chirality and
helicity (++ and ——)

= A product of projectors with the opposite chirality and
helicity (+— and —+)
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Chirality of Plasminos I A
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o for each energy projector there are two solutions:
x 1. particles and antiplasminos
x 1p~ . antiparticles and plasminos

= plasmino branch has opposite chirality and helicity

>

P

G. Baym, J.-P. Blaizot, B. Svetitsky, Phys. Rev. D 46 (1992) 4043
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o for high temperatures,
x all quarks, charged leptons and neutrinos have a thermal
mass and a plasmino branch
o for high temperatures and chiral symmetry:
x plasminos exist independent of kind of interaction

o Included into the calculation of dilepton and strangeness
production [J. Letessier, J. Rafelski and A. Tomsi, Phys, Lett. B 323 (393) 1990]

o neutrino emissivity of a weak interacting plasma (small
T) is reduced due to the annihilation e~ ¢™ — v
[E. Braaten, ApJ 392 (70) 1992]

o SO far, no unambiguous experimental signal for
plasminos could be found
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o First investigations by H. Weldon (phys, rRev. D 26 (2789) 1982]
o Kitazawa et al. (see below): T > T, of chiral transition
o Yukawa model for massive scalar

o three—peaked structure due to

x mass of exchange boson

x mixture of processes leading to upper and lower excitation
(resonant scattering)

o T > m two—peaks

spectral density for T'/m = 1.2
arXiv:0706.2697 [hep-ph]
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Quasiparticle Models (QPM) are used to

o calculate thermodynamic properties = E0S:
x effective action I"
= grand canonical ensemble QO = —TT

x self-energies
= are functional derivaties of the effective action

. 109
« entropy: s = -V 1%2|,
= pressure
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Plasminos and QPM |l corit i
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o using a QPM in the HTL limit

(R. Schulze, M. Bluhm, B. Kampfer [Eur.Phys.J.ST 155:177-190,2008])

x describes translational invariant QGP in equilibrium
without spontaneous symmetry breaking

<§ Wrp i
~ 0 T T Why
1 T Wik
. T T W
-l premmmmm e s L -
i ““~§§§\§-.-~ ;;;;;; N
_2 1 1 B ‘. -~
0.0 0.5 1.0 1.5

HTL (Hard Thermal Loop) limit: T" ~ w, p
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o pn = 0: matches lattice results

o extension to p = 0: for unambiguousness include
collective modes

SB llmlt T T T T

' ' ' 1.2
[ W ]
16 P - 1.0
I il ]
12 k / i 0.8
2 { SN
&c ol § ] S 06}
2 / eQP . 0.4
i full HTL QPM | !
s [Kar07] d,=0.96 0.2
0 IA‘; 1 N 1 N 1 N 1 N 1 00- M 1 M 1 M 1 M 1 M 1 N 1 N
06 10 14 1.8 22 26 0.0 05 1.0 1.5 20 25 3.0 35
T/T, /T,

Eur.Phys.J.ST 155:177-190,2008
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Plasminos — How to calculate iﬁffiim
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o dispersion relation: G~1(P) =G (P) + %(P)

spectral density: p(P) =—-2ImG(P)
51HZ] .
o self—energy ¥ = “=t
Yukawa interaction: L= gy
action: S; = ff dr [ d*ZL(Z, T)
partition function: Z = N' [[dgle”

InZ =InZy+InZ;

B. Betz and D. Rischke, Phys.Rev.D75:065022,2007
J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev. D 48, 1390, 1993
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Plasminos — Lowest Order Correction
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o The lowest order correctionto In Z; Is

NI

InZ, = -=

. . . S1ln I
o The fermion self-energy is given by ¥ = 222 .

q=k-p

""" <".".
S(pP) = > > >
v (oP) 7
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Plasminos — Selt—Energy | cortin g
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0 B(P) = —g*T'Y. [ (£ Dy(K — P) Go(K)

+ free—particle fermion propagator: Gy ' (K) = K+ o
—1/Q°

x free—particle boson propagator: Dy(Q)

x using the mixed representation:

DO(QO @ fO dT@qOTD()(T Cj> DQ(T @ TZ@ qOTDQ(QO @
Golo: ) = Iy 47" Go(7 ) Go(7.5) = T'S e Golpo. )

o performing the sums over the Matsubara frequencies,
one obtains ...
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Plasminos — Self—-Energy I cortin g
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e 1-Np(k)+NB(Es) | Np(k)+Np(Eb)
=9 f 2Eb Z A [ po+p—e(k+Ep) T po+p—e(k—Ep)

o energy projectors A~ = 5(1 407 - p)

o thermal distribution functions of
+ fermions/antifermions N (E) = [eFF/T 4 1]-1
+ bosons Np(E) = (ef/T — 1)1

o energy of the exchanged boson E;, = |k — 7]
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Plasminos — Self-Energy Il o A

AAAAAAAAAAAAAAAA

o projection on positive/negative—energy solutions
Y (P)= 1T [A;f "o Z(P)}

o and perform an analytic continuation
po+ U — w+

x+ Imaginary part Im>,(w,p) = Ima(w,p) £ plmb(w, p)
« real part Re Y. (w,p) = Rea(w,p) = pRe b(w, p)
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Plasminos — Dispersion Relation
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0.5 r

-05

o IS given by the roots of the full inverse propagator
Gy, L(P) + S+(P)

GL'(P) =

o ,

WWWWWWWW
o,
sssss

particle

.......... plasmino

........... anti-plasmino
-~ gntiparticle

.......... add. coll. exc.

....
-----
.....
...
.,
-,

i,
o,
e,

.,
o
«««««
= N
»»»»

0 0.2 0.4

L(p)
Go 1 (P)

« Gy (P) =P+ pvo

=0 3 Gol(P) A
e—==+
=poTHUFD

x plasmino solutions come from
G~! = 0 (opposite chirality)

+ two solutions Iin space—like region

x coupling constant determines size

of momentum region with
plasminos

x decreasing
shrinks

coupling — region
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Plasminos — Spectral Density a3
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o is determined from p(w,p) = —L 1M Gx(w, p)

03 03 0 05 08 0T 08 01
p/u

x* ImY4(w,p) =0 — spectral density
proportional to s—function

x particle and plasmino branch:
Infinite lifetime

+ finite lifetime for antiparticle and
antiplasmino
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Superconducting fermions — Self-energy ~ comzid

AAAAAAAAAAAAAAAA

o self-energy: (P) = —¢*T> [ %DO(K — P) Go(K)

x guasifermion propagator G

_ po—(p—ep) e
G0(P) = 2, Flu—epyr—lac P 50

o performin Matsubara sums, with mixed representation:
IO 9 P
-9 f (27 34Eb
u—ek 1 pu—ek 1
Z AJYO [(1 e ) po—€e—Ep T (1 T €e ) p0+€e+Ebi|

= calculate imaginary and real part of the self-energy

Plasminos —collective excitations of relativistic fermions — p.25/37




]
S B
T

O

v

o A
e — —
RS
AT T AT
WSt
eyt gt 77
AR s {7
AR =2
Sttt pestguet e
4455444 AN ﬂfﬂﬂo nes <
CARRE AR T ISARY SRACT X K
TSR S \ o
SO ofﬂ”ﬂ \ Y
o
o
&

UNIVERSITAT

FRANKFURT AM MAIN

GOETHE

00K
RO SISy
AN Gues i guati gy
RSSO
ARSI LB s = g »*
R
IR R IR
A —) -
~ - NS e e ————— e
R R R e S X '
AR R R e WY \
T T H sy o
ARttt et
L HHHHEeTsY
A ittt s e —
" fff/f/&f ///99 affﬁ 'f'f
L R
. X

W\

Im(a-b*p)/p

11 Zi(wa p)

|

I0NS —

N\

i
Rt

TR

sty
-—__4——4

()
St

|}
Im(a+b*p)/p

)2)1/2

+.

(P +(@

4
the

b-((p-w >+ (@hHM?

in

p+(2+("H) M2

U

domains

/

p

momentum plane

Different
energy—

Superconducting ferm

Plasminos —collective excitations of relativistic fermions — p.26/37

massless superconducting fermions (left panel) and

antifermions (right panel) for g2 /47m = 1, at T = 0
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Re Ei(wa p)

I0NS —

Superconducting ferm

Re(a-b*p)/u

Re(a+b*p)/p
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massless superconducting fermions (left panel) and

antifermions (right panel) for g2 /47 = 1,atT = 0
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Superconducting fermions — Disp. rel. |~ gormedd
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o IS given by the poles of the propagator
—1
g:l: _ ([Gét]l + Z:I: _ T {[G(q):]—l 4 Z:F}—l CI):I:)

+ free propagator for particles and charge—conjugate
particles [G]~'(P) = 7o zi[po + (1 — ep)]A5°

x+ YT was computed above

* N(P) = C[2+(—P)}TO—1 IS self-energy for
charge-conjugate particles

+ charge conjugation matrix C' = iy?~g

x &1 is order parameter for condensation
OT(P) = 2 Ge(P) A
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Superconducting fermions — Disp. rel. Il
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particle —_— hole eeeeeeee plasmino —_— plasmino-hole ~  ==-==---
antiplasmino e gntiplasmino-hole e antiparticle antihole e
add.coll.exc. - add. coll. exc. -
positive energy dispersion relation, negative energy dispersion relation,
(Gf and GT), g%?/(4n) =1, T =0 Gy and GT), g?/(4n) =1, T =0

GE(P) = L Tx [gi(P) «YOA;]
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Superconducting fermions — Spec. Dens. | cormieds
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o pE(w,p) = —=ImGE(w,p)

4 4_
3 3:_
2_§7
—
3 I
o
_1:_
_2:|II|III|III|III|III|III|III|III|III|III _2_III|III|III|III|III|III|III|III|III|III
0O 02 04 06 08 1 12 14 16 18 2 0O 02 04 06 08 1 12 14 16 18 2
p/u p/u
spectral density pjrr for g2 /(4m) = 1, spectral density p— for g?/(47) = 1,
T =0 T =0

o small momenta: particle and hole excitations are
undamped (Im > (w,p) = 0)
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Superconducting fermions — Spec. Dens. |lemdd
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o.5f—
ol e e S ) S I B B P P D B B B
0O 02 04 06 O. 1 12 14 16 18 2 0O 02 04 06 O. 1 12 14 16 18 2
p/u p/u
spectral density p* for g2 /(47) = 1, spectral density p_ for g%/(4m) = 1,
T =0 T =0

o antiparticle and antihole branches are strongly damped
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We studied the fermionic excitation spectrum
x used eg. in Quasiparticle Models (QPM),
+ for normal- and superconducting systems,

x for massive/massless fermions interacting with
massive/massless bosons,

+ for vanishing and non—vanishing temperature and
finite chemical potential.

We discussed
+ the calculation of the dispersion relations,
+ the occurring excitations,
x and their relevance (for a special QPM).
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Back-up Slides
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Plasminos -Im X (w, p)

Wy

IV: Ima=Imb=0

| Plasminos —collective excitations of relativistic fermions — p.34/37




Plasminos -Re X (w, p)
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o ReX4(w,p) = Rea(w,p) £ pReb(w,p)

2 —w— w
Re(““%pv;ékz{ﬁb+@“ ?ﬁ?ﬂ+ +p)h4

_(2u—w+pﬂ2u+w—p)h1

4p

2 2
+whﬂwuf

}

w+p
w+p—2u

w—p—2u

2 Y2u+w+p)|ln| =
2

w+p—2u

w—p—2u
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Superconducting fermions — Disp. rel. Il cosmedd
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o To distinguish the solutions, we use
GE(P)=3Tr [Qi(P) VOA%}

po—p+p—24(—P)

_|_
= G1(P) = o p+z+<P>][po—ﬂ+p—z+<—P>]—\¢+<P>\2
_|_
GI(P) = po+u+p+§3 (P)
Gy (P) = Po—p— p1§3 (—P)
_ po+pu—p+34 (P)
G-(P) = ot = P tp-3, P16, (PIF
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Plasminos and QPM I cotis 13
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o using a QPM in the HTL limit (R. Schulze, M. Bluhm, B.
Kampfer, see below)

x describes translational invariant QGP in equilibrium
without spontaneous symmetry breaking

3 ! I I ! L] L] L)
E=0.57" 1 | i
| | _.
3 | | J -~ %~
& o /\ s
PLE | < L e TL.k
E O\' ] | ] io :.-"‘ - T T Why
z,;r ik : : “rrk 3 .-l mmmmes W g
z | | | N I )
| | S ~~a TR
ight cone [ T~~~
-3 el L TR S E ) A ] A ] -
2 -1 0 1 2 0.0 0.5 1.0 1.5
w/k k)M

Eur.Phys.J.ST 155:177-190,2008
Landau damping: collective effect caused by energy transfer between gauge field and plasma

particles with v ~ ¢ (resonant particles)
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