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It is a long-standing dream to “simulate” cosmology in laboratory through heavy ion collision
experiments. Although the QCD epoch itself may not leave major cosmological signatures, theoretical methods developed and tested in the context of heavy ion collision experiments could
indeed find applications at other energy scales. Here recent progress in this spirit is reviewed.
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1. Introduction
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Figure 1: Various scenarios for falling out of thermal equilibrium in cosmology. Left: “freeze out” for dark
matter, and “strong washout” regime for leptogenesis. Middle: origin of “non-thermal” dark matter, and
“weak washout” regime for leptogenesis. Right: “phase transition” for baryogenesis.
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Among the main motivations for carrying out heavy ion collision experiments, at least according to statements made to the general public, is the aim to recreate for a brief moment conditions
similar to those that existed in the early universe a few microseconds after the Big Bang. The
corresponding temperature range is just below one GeV, and it was originally thought that in this
temperature range QCD might undergo a strong first order phase transition, separating the hadronic
world from a partonic one. If so, the cosmological QCD transition could conceivably have left behind remarkable signatures (see e.g. ref. [1]), and reproducing any of the corresponding dynamics
in the laboratory would have been a major achievement.
Unfortunately, a more precise understanding of thermal QCD, obtained largely through numerical lattice Monte Carlo simulations in the last two decades, has led to the conclusion that QCD
possesses no strong first order phase transition. In fact, most likely it possesses no phase transition
of any kind, only a smooth crossover [2, 3]. (Even in the unlikely case that some transition were to
be found after further refinements, it will be too weak for cosmological significance.)
The absence of a phase transition is a “problem” because it makes it unlikely that the QCD
epoch could have cosmological significance. The reason is that thermodynamic equilibrium is a
state which has no memory; all properties of the system are determined by the then temperature.
Therefore cosmological relics rely on deviations from equilibrium (cartoons of typical scenarios
for deviating from equilibrium are shown in fig. 1). But, in the absence of a phase transition, all
QCD degrees of freedom interact fast enough to remain in equilibrium.
To be more concrete on this important point, let us recall that heavy ion collision experiments
have indicated that QCD thermalizes within the time scale of a few fm/c. In cosmology around
T ∼ 1 GeV, the time available is mPl /T 2 ∼ 1017 fm/c, i.e. plenty enough to establish full equilibrium.
So, whatever perturbations may be generated by thermal fluctuations are subsequently lost in time.
These remarks call for a modification of how we view the link between heavy ion collision
experiments and cosmology. Indeed today the possibility of establishing a direct physics link between the two fields is, if not completely excluded, then at least restricted to specific cases (cf.
sec. 2). In contrast, on a more abstract but also more general level, there is a very useful exchange
of ideas (cf. sec. 3) and theoretical methods (cf. sec. 4) constantly taking place. In fact, as will be
reviewed below, it is not too difficult to find examples of recent developments where techniques
were first developed on the hot QCD side and subsequently exported to cosmology; and vice versa.
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2. A direct role for hot QCD in cosmology?

3. Exchange of ideas and concepts
Moving then to a more abstract but also more general level, many of the basic ideas and concepts used in heavy ion collision experiments of course originate from cosmology. These include
concepts such as the “Little Bang”; the paradigm of starting with a non-equilibrium state which
then rapidly thermalizes; as well as the idea of modelling the thermal evolution through hydrodynamic expansion. Relatively recently, the idea has also emerged of systematically representing
heavy ion data in spherical harmonics in the same way as is routinely done in the analysis of the
cosmic microwave background radiation. Without going into any details on this topic, on which
the speaker is no expert, a random example of a recent suggestion for applying cosmological tools
in heavy ion collision data analysis is shown in fig. 2.

4. Exchange of theoretical methods
The main focus of this talk is on the exchange of theoretical methods between the fields of hot
3
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Despite the remarks of sec. 1, let us start by briefly recalling that specific possibilities do exist even for a direct link between hot QCD physics and cosmology. In these cases QCD-related
particles do not themselves decouple from equilibrium, but their collective dynamics plays a background role for the evolution of other perturbations which just happen to be around.
As a first example in this direction, let us mention the properties of the primordial gravitational wave background. It is assumed that inflation generates a background with a certain “flat”
spectrum. The spectrum observed today depends, however, also on the history of the Universe after
the inflationary period; in particular it depends on how long a certain wavelength spends inside the
horizon after re-entering it. This in turn is dictated by the thermal history and the equation of state
of the matter filling the Universe. Consequently, the QCD epoch, during which the overall energy
density and therefore the expansion rate changes by a significant amount, does lead to a distinctive
feature in the gravitational wave spectrum that could in principle be observed [4, 5, 6].
Another example is the problem of Dark Matter. Again, the main “signals” are the measurement of the Dark Matter relic density and, ultimately, the discovery of Dark Matter particles.
However, in many scenarios Dark Matter gets generated through a freeze-out process as illustrated
in fig. 1(left). The freeze-out process involves the competition of two rates, the expansion rate of
the Universe and a microscopic “chemical equilibration rate” (cf. sec. 4.2) which tries to keep up
with it. So, if the freeze-out happens around the QCD scale, the expansion rate leaves an imprint
on the final number density [7]. The effect is probably most significant in the so-called ν MSM
scenario in which Dark Matter is of “non-thermal” type, cf. fig. 1(middle); the parameter space for
this model is rather restricted by now (it is sketched in fig. 3 as the left-most island), but in principle still open [8, 9]. Hot QCD related uncertainties in the corresponding computations, originating
both from the equation of state as well as from the knowledge of hadronic spectral functions in
various channels, were analyzed in ref. [10], and could in principle be reduced by further knowledge accumulated through heavy ion collision experiments and the associated lattice Monte Carlo
simulations (for spectral functions see, e.g., ref. [11]).
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QCD and cosmology. From the conceptual point of view, the important observables of both cases
can be classified in a similar way. The simplest class includes purely “static” quantities, namely
thermal expectation values of components of the energy-momentum tensor, conserved currents,
or gauge-invariant condensates. We refer to this class as the equation of state. The second class
contains thermal expectation values of real-time 2-point correlation functions of the same operators, and more specifically their limit limω→ 0 {[limk→0 ρ (ω , k)]/ω }, where ρ refers to the so-called
spectral function. This class is known as transport coefficients. In the third case we consider the
spectral function at k 6= 0, ω 6= 0; then we can speak of thermal particle production. (If one particle species is being produced, rather than a resonance decaying into several particles, then ω is
√
on-shell, i.e. ω = k2 + M 2 , where M denotes a physical mass.)
4.1 Equation of state
In cosmology, it is in general an excellent approximation to set the baryon chemical potential
to zero, so that thermodynamic potentials are functions of the temperature, T , only. Then the comparison of the overall expansion rate and a chemical equilibration rate depends on p(T ), p′ (T ) and
p′′ (T ), where p(T ) denotes the pressure [13]. The same functions (save without the contribution
of photons and leptons, which have no time to thermalize) dictate the expansion of the thermal fireball created in an energetic heavy ion collision. Hence the longstanding efforts, both analytic (via
chiral perturbation theory at low temperatures, T ≪ 200 MeV, and the weak-coupling expansion at
high temperatures, T ≫ 200 MeV) and numerical (via lattice Monte Carlo simulations), to reliably
determine these functions. At temperatures below one GeV, relevant for heavy ion collisions, the
major qualitative finding has been that there is probably no phase transition at any T , only a smooth
crossover [2, 3]. Nevertheless large-scale numerical efforts to determine p(T ) and its derivatives
for physical QCD in the infinite-volume and continuum limit go on. At temperatures above a few
GeV, relevant for cosmology, the system should be addressable with weak-coupling techniques.
Perturbation theory does suffer from serious infrared problems, however: besides proceeding in
powers of αs1/2 rather than αs [14], it also comes with non-perturbative coefficients starting at the
4
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Figure 2: From ref. [12] (cf. also references therein). Shown is a HIJING simulation of an event of multiplicity 17 000, represented in a similar form as cosmic microwave background anisotropies in cosmology.
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order αs3 [15]. Nevertheless it is possible to compile (systematically improvable) phenomenological values for p(T ), p′ (T ) and p′′ (T ) for temperatures above a few GeV, taking into account the
crossing of various quark mass thresholds [16]. By applying similar techniques to the weak sector
of the Standard Model, even temperatures up to the TeV range can be reached [17, 18]. Such results
do play a role in precision dark matter computations [19], so that studies of the equation of state in
the weak-coupling (but slowly convergent) regime indeed do constitute a bridge between hot QCD
technologies and cosmology.

Transport coefficients are zero-frequency limits of correlators related to components of conserved currents, such as the energy-momentum tensor or approximately conserved particle number
currents. Examples of transport coefficients are the shear and bulk viscosities, diffusion coefficients
related to various particle species, as well as the electromagnetic conductivity.
In a thermal system, transport coefficients are functions of the temperature just like the pressure and its derivatives. The structure of the weak-coupling series is in principle also similar, except
that the leading term is typically proportional to an inverse power of the coupling constants, and
already requires a complicated resummation for its correct determination.
Transport coefficients play an important role in the hydrodynamic analysis of heavy ion collision experiments. Indeed viscosities, which parametrize gradient corrections to the ideal form
of the energy-momentum tensor, are among the prime quantities that current heavy ion collision
experiments attempt to extract from the bulk hydrodynamical behaviour of the expanding fireball.
The diffusion coefficient characterizing the movement and kinetic equilibration of heavy quarks in
this background represents a theoretically and experimentally clean “hard probe” of the properties
of the system. Electromagnetic conductivity determines the fate of the electromagnetic fields that
may be generated in non-central collisions. Because of this the theoretical techniques for systematically computing transport coefficients in weakly coupled gauge theories have first been developed
in the context of hot QCD some time ago, see e.g. refs. [20, 21] and references therein.
Transport coefficients play a role in cosmology as well. For instance, the evolution of density
perturbations leading to large-scale structure formation may be sensitive to viscosities, see, e.g.,
refs. [22, 23]. Remarkably, the bulk viscosity also plays a role even for certain zero-momentum
(non-gradient) perturbations [24]. Indeed, weakly coupled scalar fields play an important role in
inflationary cosmology, and it is assumed that a significant amount of energy may be stored in the
scalar fields. Later on, as the universe enters the radiation dominated epoch, the scalar fields should
“decay”, i.e. transport their energy to the known particles (electrons, photons, etc); this is called a
reheating period. It is possible to imagine scalar fields, however, which are coupled so weakly that
they decay later than the inflaton field, or not at all. If the decay is too slow and the scalar field
does not get rid of its energy density, it eventually becomes a dominant component, in conflict with
observation. Such a situation is met particularly in connection with scalar fields called moduli, and
the problem of their slow decay is the “moduli problem”.
Practical estimates of the friction coefficient of scalar fields have been presented in refs. [24,
25], based on earlier determinations of the bulk viscosity in weakly coupled scalar field theory [26]
and hot QCD [27], respectively. The conclusion from this exercise is that even though a plasma
“facilitates” the dissipation of the energy in the scalar field into that in normal radiation, the decay
5
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4.2 Transport coefficients
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ṅ + 3Hn = −Γchem (n − neq ) + O(n − neq )2 ,

(4.1)

where n is some number density, neq is its equilibrium value, H is the Hubble rate, and Γchem is
the chemical equilibration rate. Now, the physics of non-relativistic massive particles is non-trivial,
manifesting e.g. the so-called Sommerfeld effect, which signals a breakdown of the perturbative
2
series for the pair creation or pair annihilation rate at temperatures T <
∼ α M, where α is a finestructure constant. Contrary to several of the other examples mentioned, in this case the relevant
phenomena were first elucidated in the context of cosmology, where the Sommerfeld effect was
understood to play an important role, see e.g. refs. [30]–[33]. Subsequently it has also been applied
to the question of how fast the number density of charm quarks produced in heavy ion collision
experiments approaches its thermal value [34].
Kinetic equilibration rate of massive particles in hot QCD [35] can also be understood as a
transport coefficient [36, 37]. In cosmology, an analogous kinetic equilibration also plays a role,
given that many Dark Matter candidates kinetically decouple in a non-relativistic regime, and their
momentum distribution dictates the kind of structures that can form [23]. In this case, it appears that
the two lines of research have developed independently of each other, without any clear information
exhange between hot QCD and cosmology having taken place.
As a final example let us mention the rate of anomalous chirality violation, a transport coefficient related to the axial current. Indeed it plays a role both in heavy ion collision experiments,
with the gauge group SU(3) [38], as well as in cosmology, with the gauge group SU(2) (see e.g.
ref. [39] and references therein). The techniques used in both cases are essentially the same; in this
case they were first developed on the cosmology side.
4.3 Thermal particle production
We turn to the final example, that of thermal particle production, illustrated in fig. 1(middle)
as leading to “non-thermal” dark matter or the “weak washout” scenario of leptogenesis. Note that
6
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remains so slow that it essentially does not have time to take place within the lifetime of the Universe. Therefore thermal corrections quite probably cannot solve the moduli problem [24]. This
puts strong constraints on model building involving moduli fields, similar in spirit e.g. to what
apply to models leading to a cosmological domain wall problem.
Conductivity [20, 21] also plays a role in cosmology. Large-scale (intergalactic) magnetic
fields are being observed, and one possibility is that they are of cosmological origin. Although
producing fields with a long enough correlation length is challenging (since there is no QCD phase
transition, one needs to evoke physics around the electroweak scale; then the “natural” distance,
given by the horizon radius scaled to present day by universe expansion, is only on a planetary
scale), certain mechanisms do exist. An example of a recent simulation, in which dissipation
through the conductivity plays an important role, as well as further references, can be found in
ref. [28].
Chemical equilibration rate is a transport coefficient related to a nearly (but not exactly) conserved particle number density [29]. For instance, it gives the rate at which weakly interacting
massive particles attempt to follow the thermal distribution, before eventually failing to do so (cf.
fig. 1(left)); as an equation, this dynamics can be represented as
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There is a large body of work concerning the computation of the corresponding rates.
What is relevant for the present talk is that the production of such “hard probes” from a QCD
plasma is similar to the production of very weakly interacting particles in cosmology. Examples
of such particles, which could perhaps contribute to dark matter or leptogenesis, are gravitinos,
axions, axinos, and right-handed neutrinos. In the present talk the focus is on the last ones, given
that right-handed neutrinos are a well-motivated particle species in any case, since they appear to
offer the most natural explanation for the fact that at least two of the left-handed neutrinos have
been observed to be massive.
Now, in QCD, the relevant gauge group is SU(3), and the “rungs” of the diagram above are
gluons. For right-handed neutrinos, in contrast, the electroweak group SU(2)×U(1) plays a more
prominent role, and the rungs of the corresponding diagrams are W ± , Z 0 bosons. However, if
we concentrate on temperatures above a few hundred GeV, then the electroweak gauge group is
in its “confinement” (or “symmetric”) rather than the usual “Higgs” phase, and the difference
is inessential from the qualitative point of view. Thereby we again find a platform for a useful
exchange of theoretical methods between hot QCD and cosmology.
To be concrete, consider one generation of right-handed neutrinos, with a Majorana spinor
field denoted by Ñ, a mass parameter denoted by M, and a Yukawa coupling denoted by hν . Then
the most general gauge-invariant and renormalizable addition to the Standard Model Lagrangian
has the form

δL =

1 ¯
Ñ [i /∂ − M]Ñ − [hν ℓ̄ aR φ̃ Ñ + H.c.] .
2

(4.2)

Here φ̃ = iσ2 φ ∗ is the Higgs doublet, ℓ is a lepton doublet, and aR is a chiral projector.
Because of the Yukawa term, interactions with Standard Model particles modify the selfenergy of the right-handed neutrinos. Defining a gauge-invariant 4 × 4 self-energy matrix in Euclidean signature formally as
Z
E
D
eiK·X (φ̃ † aL ℓ)(X ) (ℓ̄aR φ̃ )(0) , K ≡ (kn , k) ,
(4.3)
ΣE (K) ≡
T

X

7
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the production is “thermal” because it takes place from a thermalized plasma; but the result is nonthermal because the number density of the particles produced remains below its equilibrium value.
(If the number density does reach the equilibrium value, the relevant observable is the chemical
equilibration rate rather than the particle production rate.)
In heavy ion collision experiments, thermal particle production is among the most obvious
quantities to consider. The basic observation is that electromagnetic processes do not have time
to take place within the lifetime of the thermal fireball; therefore photons (whether real or virtual)
essentially escape the system, never reaching equilibrium. The processes can be illustrated as
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Figure 3: A sketch of some of the parameter regions leading to a cosmologically significant role for righthanded neutrinos. More details on the two islands of the “ν MSM” scenario can be found e.g. in ref. [9],
whereas the TeV scale leptogenesis scenario has been considered e.g. in refs. [41]–[46].

the corresponding spectral function can be obtained from an analytic continuation,

ρ (K ) ≡

i
1h
ΣE (kn → −i[k0 + i0+ ], k) − ΣE (kn → −i[k0 − i0+ ], k) ,
2i

K ≡ (k0 , k) .

(4.4)

A simple exercise (see e.g. ref. [10]) then shows that, as long as the number density of the particles
produced is below its equilibrium value, like in fig. 1(middle), their production rate can be written
as
|hν |2
(4.5)
Tr{K
/ ρ (K )} + O(|hν |4 ) ,
k0
√
where nF is the Fermi distribution. Here the four-momentum is on-shell: K = ( k2 + M 2 , k). The
process can be illustrated as
dN
2nF (k0 )Γ(K )
=
,
d4 X d3 k
(2π )3

Γ(K ) =

φ
N

N
ℓ

where the diagonal line indicates the cut from eq. (4.4).
Even after taking into account the known left-handed neutrino mass differences and mixing
angles, not that much is known about the values of hν and M (the issue is that only the combination
∼ |hν |2 /M plays a role at low energies). In fact many different orders of magnitude can be considered; some of the cases are illustrated in fig. 3. For simplicity we focus on the “classic leptogenesis”
case here, with M, π T ≫ 100 GeV; this scenario was originally put forward in ref. [40].
Now, even after restricting to M, π T ≫ 100 GeV, whereby zero-temperature scales such as mtop
or mW ± play no role, there are still two parameters in the problem, out of which a dimensionless
8
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Figure 4: Left: regions of four-momenta K = (k0 , k) studied in thermal QCD, with the acronyms representing effective field theories or resummation schemes needed for
√ a systematic treatment. Right: a possible
right-handed neutrino trajectory in the early universe. Here g ≡ 4πα , where α refers to the strong gauge
coupling in QCD and to the weak one in the Standard Model.

ratio M/π T can be formed. This implies that there are different regimes, depending on the value
of M/π T (or, if the full spectrum rather than the total production rate is considered, on (k0 , k)/π T ,
where k ≡ |k|). The different regimes, as have been studied in the case of similar spectral functions
in QCD on one hand, and as is relevant for the right-handed neutrino production rate on the other,
are illustrated in fig. 4.
The most difficult case turns out to be the initial production in a very early universe, referred
to as the “ultrarelativistic” regime: π T ≫ M ≫ 100 GeV. In this case the production rate has been
computed systematically to leading order in coupling constants only recently [47, 48, 49]. The
techniques used, often referred to as those of the “LPM” regime (for Landau, Pomeranchuk and
Migdal) have been inspired by the corresponding hot QCD computation of photon production,
presented in refs. [50, 51, 52]. Therefore the recent progress can be viewed as a prime example of
a fruitful information exchange between the two fields.
In order to illustrate the practical importance of these developments, we need to introduce two
concepts. Traditionally, a “tree-level” computation refers to giving all particles effective (“asymptotic”) thermal masses, and then computing the production rate from the lowest-order kinematically
allowed diagram. In contrast, a “consistent LO” computation needs to include all processes which
contribute at the same order in coupling constants (but not necessarily at the same order in the loop
expansion). This requires, in particular, the resummation of the relevant “ladder” diagrams, which
do not amount to mass corrections.
A comparison of the results obtained with these two procedures is illustrated in fig. 5. At
high temperatures a factor of three is observed between the two results, and at intermediate temperatures the difference is even larger. It remains to be explored how big a practical effect these
corrections have in, say, leptogenesis computations, where other (CP violating) phenomena also
9
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enter the analysis. However, effects of order unity are clearly to be expected.
A simpler case is that of a late universe, referred to as the “non-relativistic” regime: M ≫
π T ≫ 100 GeV. This situation has also been addressed recently [53, 54, 55]; the techniques
(“OPE”, for the Operator Product Expansion) are again similar to those that had been introduced
previously in the context of a hot QCD computation [56].
The difference between the ultrarelativistic and non-relativistic regimes is that whereas in the
former case infinitely many loop orders need to be resummed for obtaining a consistent leadingorder result, in the latter case no resummation is needed, and we are already discussing NLO
(next-to-leading order) corrections. Moreover, the NLO corrections are argued to be small.
How can we understand this major qualitative difference? When we are considering the nonrelativistic regime then, from the viewpoint of the plasma, K 2 = M 2 is a hard scale. This means
that we are in an “ultraviolet” regime, and can expand the result in O(T 2 /K 2 ): schematically,
 4 
T
(2)
2
(0)
2
2
†
.
(4.6)
Tr {K
/ ρ (K )} ∼ fT =0 (K ) + f (K ; µ̄ )hφ φ iT + O
K2
Here the f ’s denote Wilson coefficients, which are independent of the temperature but can depend
on a factorization scale, µ̄ ; and thermal corrections only appear through expectation values of
gauge-invariant condensates, the lowest-dimensional of which is hφ † φ iT .
Now, the form of eq. (4.6) implies that even if there are problems with thermal perturbation
theory, they are isolated into the computations of static 1-point functions, much as the observables considered in sec. 4.1. This already renders them much simpler than the computations in the
ultrarelativistic regime, where genuine 2-point functions need to be addressed; for instance, perturbative resummation techniques removing divergences are available up to the 4-loop level, and the
infrared sector could also be handled non-perturbatively with relatively simple lattice Monte Carlo
10
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Figure 5: Right-handed neutrino production rate according to ref. [48]. The difference of “tree-level”
(thermal effects included through effective masses) and “full” (all loop orders systematically resummed in
order to obtain a consistent leading-order result) is substantial at all but the lowest temperatures.
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simulations if desired [39]. Moreover, irrespective of these issues, dimensional reasons guarantee
that thermal corrections are small at low temperatures, suppressed by ∼ T 2 /M 2 with respect to the
leading term in eq. (4.6), so that theoretical errors can be brought under control.
As a concrete example, the complete self-energy in this regime can be expressed as [55]


1
µ̄ 2
1
Zν ΣE (K) = aL i/
KaR
+ ln 2 + 2
(4π )2 ε
K


2
|ht | Nc 1
1 2 µ̄ 2 7 µ̄ 2 57
3
+
− ln 2 − ln 2 −
−
(4π )4 2ε 2 4ε 2
K
2 K
8


2
2
2
3 2 µ̄
17
29 µ̄ 2 275
3
g + 3g2
+
ζ
(3)
+
ln
+
ln
+
−
3
−
+ 1
(4π )4
8ε 2 16ε 8
K2
8 K2
32





4
2
†
6λ
Zm hφ φ iT
µ̄
4 T
+ 1+
+O g , 4
ln 2 + 1
,
(4.7)
(4π )2
K
K2
K
s
2
2
T
m2H g21 mD1 + 3g22 mD2
T
Zm hφ † φ iT =
−
−
6
2π T 2
16π T

 γE 
  γE  
2
µ̄ e
µ̄ e
T
2
+
−6λ ln
−3 − |ht | Nc ln
2
48π
4π T
8π T


  γE 
′
2
2
2π T
3(g1 + 3g2 )
2
µ̄ e
ζ (−1)
+ 4 ln
+ ... , (4.8)
+
ln
− − 2γ E − 2
4
4π T
3
ζ (−1)
mH


In eq. (4.8) the condensate Zm hφ † φ iT has been given up to NNLO, with corrections of relative
orders O(g) and O(g2 ), or O(α 1/2 ) and O(α ) in the language of sec. 4.1. These corrections are
of peculiar types, containing functions that are non-analytic in the coupling constants. Inserting
numerical values, it also appears that the practical convergence of the series is marginal at best.
Nevertheless, as mentioned, the thermal correction as a whole is power-suppressed with respect to
the well-convergent vacuum contribution. So, in this regime, techniques formulated originally for
hot QCD [56] allow us to obtain reliable results also for cosmology [53, 54, 55].

5. Conclusions
The purpose of this talk has been to illustrate that theoretical work in hot QCD, originally
motivated by heavy ion collision experiments, may find unexpected applications in cosmology, just
by changing the gauge group from SU(3) into SU(2)×U(1), and vice versa. It is at least in this
wider sense that hot QCD and cosmology should continue to inspire each other for years to come.
There are also specific cases in which a more direct link could exist (cf. sec. 2), however in these
cases it remains to be seen whether nature has made use of these possibilities.
11
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where Zν and Zm are renormalization factors; ht2 is the top Yukawa coupling; λ the Higgs selfcoupling; and g21 , g22 the U(1) and SU(2) gauge couplings, respectively. The parameters mD1 , mD2 ,
mH refer to the U(1) and SU(2) Debye mass parameters and the thermal Higgs mass parameter,
respectively, all of which scale as ∼ gT at high temperatures. The corresponding spectral function
is obtained from eq. (4.4), and gets a contribution only from terms containing logarithms of K 2 .
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