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Introduction and Motivation

Direct photons play an important role as electromagnetic probes from a
quark-gluon plasma (QGP) created in heavy-ion collisions. It is of partic-
ular interest how non-equilibrium effects such as a finite lifetime affect
the resulting photon spectra. One main result has been the occurrence
of first order contributions that dominate over higher order equilibrium
contributions for large photon momenta [1, 2].

Describing this phenomenon in the real time Keldysh formalism is mainly
accompanied by two major problems, namely the divergent contribution
from the vacuum polarization and the non-integrability of the remaining
contributions in the ultraviolet domain [3, 4]. We provide an ansatz that
eliminates the divergent contribution from the vacuum polarization and
renders the remaining contributions UV-finite if the time evolution of
the QGP is modeled in a suitable manner.

Time dependent occupation numbers

The photon production rate from a homogeneous but non-stationary
emitting system reads [5, 6]:
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As in [3], we use the one-loop approximation for the photon self energy

iΠ<T (
~k, t, u) including the processes of first order in αe. We model the

finite lifetime of the QGP via time dependent occupation numbers of
the quarks

nF (E) → nF (E, t) = f (t)nF (E) , (2)

and couple the time evolution to the interaction vertices by replacing
the occupation numbers and the number of holes in iΠ<T (

~k, t, u) by
their geometric mean from the two times t and u. If we now decompose
iΠ<T (

~k, t, u) into the vacuum polarization and the medium contribution

iΠ<T (
~k, t, u) = iΠ<T,0(

~k, t− u) + iΠ<T,M (~k, t, u) , (3)

and insert (3) into (1), we see that the vacuum polarization is evaluated
on-shell and thus does not show up in the photon yield. As the occupa-
tion numbers are time dependent, the medium part of (3) is evaluated
off-shell which makes the contribution of first order processes possible.

Numerical Investigations and Results

For our numerical investigations, we consider a QGP with a temperature
of T = 0.3 GeV and model its creation by different kinds of switching
functions depicted in figure 1.
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Figure 1: The QGP is switched on and maintained.

Figure 2 shows that photon spectrum decays as ∼ 1/k3 for an instanta-
neous switching and exhibits a slightly steeper decay for a finite creation
time of τ = 1 fm/c. The dominant contributions to the photon yield
are Bremsstrahlung and a negative contribution from Pauli Blocking of
the pair creation process. Both of them behave as ∼ 1/k3 for large k
independently of f (t) [7]. If we turn from an instantaneous switching
to a switching over a finite time interval τ , the Bremsstrahlung contri-
bution halves in value whereas the Pauli Blocking contribution is left
unchanged [7]. This accounts for the slightly steeper decay then.
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Figure 2: The photon spectrum decays as ∼ 1/k3 for
f1(t) and exhibits only a slightly steeper decay for f2(t).

However, the photon spectrum does not decay fast enough to be UV-
finite. This problem can be circumvented if the QGP is also switched
off again as to mimic a heavy-ion collision. The photon yield is assumed
to be observed at t→ ∞. We adopt a creation and hadronization time
of τF = τH = 1 fm/c and a lifetime of τL = 4 fm/c. Again different
switching functions g(t) are compared.
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Figure 3: The QGP is switched on and off again.

Figure 4 shows that the resulting photon spectrum now is highly sensi-
tive to the switching function g(t) and becomes UV-finite if the QGP
is switched on and off again over a finite time interval τ .
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Figure 4: The decay behavior of the photon spectrum
is highly sensitive to g(t).

Nevertheless, one has to keep in mind that the scenario of switching a
plasma on and and off again and taking the photon yield for t→ ∞ is
not always reasonable. If one considers photon emission from an electro-
magnetic plasma, for example, the photon yield can also be measured
at times where the plasma is still heated up.

Yukawa-like source term

We revisit our hitherto approach by considering the Ward-Takahashi
identities for photon self energy iΠ<µν(x, y) which result from the U(1)-
invariance of QED:

∂
µ
x iΠ

<
µν(x, y) = 0 (4)

It can be shown that these identities are not fulfilled by our previous
ansatz and not by [1, 2, 3] either. Therefore, we now do a first principle
calculation by introducing a Yukawa-like source term in the Lagrangian
of our system:

L(x) = LQED(x)− gφ(t) ˆ̄ψ(x)ψ̂(x) (5)

The source field is assumed to be classical and time dependent only.
So the fermions effectively get a time dependent mass which fulfills the
Ward-Takahashi identities (4).
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Figure 5: Change of the quark mass from its con-
stituent value mc to its bare value mb

The change of the quark mass from its constituent value mc to its
bare value mb during the chiral phase transition in the early stage of
a heavy-ion collision leads to spontaneous pair creation of quarks and
antiquarks [8, 9]. We now investigate the photon emission arising from
this creation process. As the electromagnetic coupling is small, we do
a calculation of first oder in αe but keep all orders in αg. We consider
different mass parameterizations m(t) depicted in figure 5.

For the case of an instant mass shift at t = 0, the loop integral fea-
tures a linear divergence resulting from the quark/antiquark occupation
numbers decaying as ∼ 1/p2 for large p. As this decay behavior is an
artifact from the instant mass shift [8, 9], we regulate the divergence
by cutting the loop integral at p = ΛC .

Figure 6 shows the resulting photon spectra for different values of ΛC .
As in [8, 9], we choose mc = 0.35 GeV and mb = 0.01 GeV.
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Figure 6: The photon spectrum decay as ∼ 1/k3 for
an instant mass shift.

The photon spectra decay as ∼ 1/k3 for all values of ΛC . If we turn
from the instantaneous mass shift to a mass shift over a finite time in-
terval τ , the loop integral is regulated. Figure 7 compares the resulting
photon spectra for an instant mass shift and a mass shift over a finite
time interval of τ = 1 fm/c. We can see that resulting photon spec-
trum is suppressed by several orders of magnitude for the latter case.
However, it does again not decay fast enough to be UV-finite.
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Figure 7: Comparison of photon spectra for different
mass parameterizations m(t)

As the decay behavior of the asymptotic quark/antiquark occupation
numbers is highly sensitive to the choice if m(t) [8, 9], one would not
expect that in the first place. But on the other hand, the asymptotic
photon yield incorporates the entire history of the fermionic wave func-
tions and thus of the quark/antiquark occupation numbers which exhibit
a strong ’overshoot’ over their asymptotic value around t = 0 for large
p if the mass is changed over a finite time interval τ [7].

As the next step, we have to investigate the reasons for the still problem-
atic UV-behavior more closely and determine whether our first principle
approach allows for an accordant modification.

Summary and Outlook

Our first ansatz of modeling the finite lifetime of the quark-gluon plasma
(QGP) by time dependent occupation numbers eliminates the divergent
contribution from the vacuum polarization but does not get the prob-
lem with UV-finiteness fully under control. We had conjectured that this
shortcoming results from a violation of the Ward-Takahashi identities
which has been the essential motivation for our new approach where we
effectively model the creation of the QGP by a time dependent fermion
mass. Since the problem with the UV-behavior still shows up, we have
to determine whether our new approach can be revisited appropriately.
In this context, it requires particular consideration how crucial the role
of the Ward Takahashi identities actually is.
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