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1. Introduction

Among the main motivations for carrying out heavy ion cadiisexperiments, at least accord-
ing to statements made to the general public, is the aim teaex for a brief moment conditions
similar to those that existed in the early universe a few asieconds after the Big Bang. The
corresponding temperature range is just below one GeV,tamds originally thought that in this
temperature range QCD might undergo a strong first orderegdhassition, separating the hadronic
world from a partonic one. If so, the cosmological QCD tréasicould conceivably have left be-
hind remarkable signatures (see e.qg. ref. [1]), and reminguany of the corresponding dynamics
in the laboratory would have been a major achievement.

Unfortunately, a more precise understanding of thermal Q@ibained largely through nu-
merical lattice Monte Carlo simulations in the last two dies has led to the conclusion that QCD
possesseso strong first order phase transition. In fact, most likelydspesses no phase transition
of any kind, only a smooth crossover [2, 3]. (Even in the wdiikcase that some transition were to
be found after further refinements, it will be too weak formoaogical significance.)

The absence of a phase transition is a “problem” becausekiésna unlikely that the QCD
epoch could have cosmological significance. The reasomatsthiermodynamic equilibrium is a
state which hasio memoryall properties of the system are determined by the then eeatyre.
Therefore cosmological relics rely areviations from equilibriur{cartoons of typical scenarios
for deviating from equilibrium are shown in fig. 1). But, inettabsence of a phase transition, all
QCD degrees of freedom interact fast enough to remain iribguim.

To be more concrete on this important point, let us recatl leavy ion collision experiments
have indicated that QCD thermalizes within the time scala &w fm/c. In cosmology around
T ~ 1 GeV, the time available is,,/T? ~ 10t fmi/c, i.e. plenty enough to establish full equilibrium.
So, whatever perturbations may be generated by thermaliflichs are subsequently lost in time.

These remarks call for a modification of how we view the linkween heavy ion collision
experiments and cosmology. Indeed today the possibilitystdblishing a direct physics link be-
tween the two fields is, if not completely excluded, then astaestricted to specific cases (cf.
sec. 2). In contrast, on a more abstract but also more gdeeedl there is a very useful exchange
of ideas (cf. sec. 3) and theoretical methods (cf. sec. 43taatly taking place. In fact, as will be
reviewed below, it is not too difficult to find examples of rateevelopments where techniques
were first developed on the hot QCD side and subsequentlyrtexjim cosmology; and vice versa.
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Figure 1: Various scenarios for falling out of thermal equilibriumdasmology. Left: “freeze out” for dark
matter, and “strong washout” regime for leptogenesis. Nidarigin of “non-thermal” dark matter, and
“weak washout” regime for leptogenesis. Right: “phaseditéon” for baryogenesis.
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2. A direct role for hot QCD in cosmology?

Despite the remarks of sec. 1, let us start by briefly regalivat specific possibilitiedo ex-
ist even for a direct link between hot QCD physics and cosmoldgythese cases QCD-related
particles do not themselves decouple from equilibrium their collective dynamics playstzack-
groundrole for the evolution of other perturbations which just bap to be around.

As a first example in this direction, let us mention the prtpsrof the primordial gravita-
tional wave background. It is assumed that inflation gemrsratbackground with a certain “flat”
spectrum. The spectrum observed today depends, howes@grathe history of the Universe after
the inflationary period; in particular it depends on how lencertain wavelength spends inside the
horizon after re-entering it. This in turn is dictated by thermal history and the equation of state
of the matter filling the Universe. Consequently, the QCDabpaluring which the overall energy
density and therefore the expansion rate changes by a sgritaimount, does lead to a distinctive
feature in the gravitational wave spectrum that could in@gle be observed [4, 5, 6].

Another example is the problem of Dark Matter. Again, the mi@ignals” are the mea-
surement of the Dark Matter relic density and, ultimatehg tiscovery of Dark Matter particles.
However, in many scenarios Dark Matter gets generated ghraufreeze-out process as illustrated
in fig. 1(left). The freeze-out process involves the contjgetiof two rates, the expansion rate of
the Universe and a microscopic “chemical equilibratior’tdtf. sec. 4.2) which tries to keep up
with it. So, if the freeze-out happens around the QCD sch&gkpansion rate leaves an imprint
on the final number density [7]. The effect is probably mogn#icant in the so-calleMSM
scenario in which Dark Matter is of “non-thermal” type, cf.fil(middle); the parameter space for
this model is rather restricted by now (it is sketched in figs3he left-most island), but in princi-
ple still open [8, 9]. Hot QCD related uncertainties in theresponding computations, originating
both from the equation of state as well as from the knowledgeadronic spectral functions in
various channels, were analyzed in ref. [10], and could incjple be reduced by further knowl-
edge accumulated through heavy ion collision experimemtistlae associated lattice Monte Carlo
simulations (for spectral functions see, e.g., ref. [11]).

3. Exchange of ideas and concepts

Moving then to a more abstract but also more general levatyrofthe basic ideas and con-
cepts used in heavy ion collision experiments of coursdratg from cosmology. These include
concepts such as the “Little Bang”; the paradigm of startiiilp a non-equilibrium state which
then rapidly thermalizes; as well as the idea of modellirgy ttiermal evolution through hydro-
dynamic expansion. Relatively recently, the idea has aiserged of systematically representing
heavy ion data in spherical harmonics in the same way as igeby done in the analysis of the
cosmic microwave background radiation. Without going iatty details on this topic, on which
the speaker is no expert, a random example of a recent sigygéstapplying 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 theoretiagthmds between the fields of hot
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Figure 2: From ref. [12] (cf. also references therein). Shown is a N@Isimulation of an event of multi-
plicity 17 000, represented in a similar form as cosmic mi@ee background anisotropies in cosmology.

QCD and cosmology. From the conceptual point of view, theartgmt observables of both cases
can be classified in a similar way. The simplest class indumeely “static” quantities, namely
thermal expectation values of components of the energy-@ntum tensor, conserved currents,
or gauge-invariant condensates. We refer to this classessgimation of state The second class
contains thermal expectation values of real-time 2-poamtetation functions of the same opera-
tors, and more specifically their limit lig o{ [limk—o0p(w,k)]/w}, wherep refers to the so-called
spectral function. This class is known tagnsport coefficientsin the third case we consider the
spectral function ak # 0, w # 0; then we can speak dfiermal particle production (If one par-
ticle species is being produced, rather than a resonanagidganto several particles, thenis
on-shell, i.ew = vk?+ M2, whereM denotes a physical mass.)

4.1 Equation of state

In cosmology, it is in general an excellent approximatiosdbthe baryon chemical potential
to zero, so that thermodynamic potentials are functions@témperaturel, only. Then the com-
parison of the overall expansion rate and a chemical eqgaildn rate depends qo(T), p'(T) and
p’(T), wherep(T) denotes the pressure [13]. The same functions (save withewtontribution
of photons and leptons, which have no time to thermalizagatiidhe expansion of the thermal fire-
ball created in an energetic heavy ion collision. Hence tingstanding efforts, both analytic (via
chiral perturbation theory at low temperatur&sg 200 MeV, and the weak-coupling expansion at
high temperatureg; > 200 MeV) and numerical (via lattice Monte Carlo simulatiprie reliably
determine these functions. At temperatures below one Gaant for heavy ion collisions, the
major qualitative finding has been that there is probablyhesp transition at anly, only a smooth
crossover [2, 3]. Nevertheless large-scale numericattsfto determinegp(T) and its derivatives
for physical QCD in the infinite-volume and continuum limi gn. At temperatures above a few
GeV, relevant for cosmology, the system should be addresseth weak-coupling techniques.
Perturbation theory does suffer from serious infrared lemols, however: besides proceeding in
powers ofas’? rather thanas [14], it also comes with non-perturbative coefficients tintgrat the
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ordera? [15]. Nevertheless it is possible to compile (systemadahprovable) phenomenolog-
ical values forp(T), p/(T) and p”(T) for temperatures above a few GeV, taking into account the
crossing of various quark mass thresholds [16]. By applgingjlar techniques to the weak sector
of the Standard Model, even temperatures up to the TeV raamgbereached [17, 18]. Such results
do play a role in precision dark matter computations [19thst studies of the equation of state in
the weak-coupling (but slowly convergent) regime indeedalustitute a bridge between hot QCD
technologies and cosmology.

4.2 Transport coefficients

Transport coefficients are zero-frequency limits of catais related to components of con-
served currents, such as the energy-momentum tensor anappitely conserved particle number
currents. Examples of transport coefficients are the shmebbalk viscosities, diffusion coefficients
related to various particle species, as well as the eleetgoetic conductivity.

In a thermal system, transport coefficients are functionth@ftemperature just like the pres-
sure and its derivatives. The structure of the weak-cogaries is in principle also similar, except
that the leading term is typically proportional to an ineemower of the coupling constants, and
already requires a complicated resummation for its codetgrmination.

Transport coefficients play an important role in the hydrmiyic analysis of heavy ion col-
lision experiments. Indeed viscosities, which parametgeadient corrections to the ideal form
of the energy-momentum tensor, are among the prime quemnthiat current heavy ion collision
experiments attempt to extract from the bulk hydrodynahbehaviour of the expanding fireball.
The diffusion coefficient characterizing the movement aineétic equilibration of heavy quarks in
this background represents a theoretically and experetigriean “hard probe” of the properties
of the system. Electromagnetic conductivity determinesféte of the electromagnetic fields that
may be generated in non-central collisions. Because offthitheoretical techniques for systemat-
ically computing transport coefficients in weakly coupleaige theories have first been developed
in the context of hot QCD some time ago, see e.g. refs. [20a@d]references therein.

Transport coefficients play a role in cosmology as well. [Rstance, the evolution of density
perturbations leading to large-scale structure formati@y be sensitive twiscosities see, e.g.,
refs. [22, 23]. Remarkably, the bulk viscosity also play®l reven for certain zero-momentum
(non-gradient) perturbations [24]. Indeed, weakly cod@ealar fields play an important role in
inflationary cosmology, and it is assumed that a significambnt of energy may be stored in the
scalar fields. Later on, as the universe enters the radidtiorinated epoch, the scalar fields should
“decay”, i.e. transport their energy to the known partidelectrons, photons, etc); this is called a
reheating period. It is possible to imagine scalar fieldsydwer, which are coupled so weakly that
they decay later than the inflaton field, or not at all. If thealeis too slow and the scalar field
does not get rid of its energy density, it eventually becoendsminant component, in conflict with
observation. Such a situation is met particularly in cotinacwith scalar fields callechoduli and
the problem of their slow decay is the “moduli problem”.

Practical estimates of the friction coefficient of scalaldfsehave been presented in refs. [24,
25], based on earlier determinations of the bulk viscosityweakly coupled scalar field theory [26]
and hot QCD [27], respectively. The conclusion from thisreise is that even though a plasma
“facilitates” the dissipation of the energy in the scalaldfi@to that in normal radiation, the decay
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remains so slow that it essentially does not have time to pédee within the lifetime of the Uni-
verse. Therefore thermal corrections quite probatalgnotsolve the moduli problem [24]. This
puts strong constraints on model building involving modigdids, similar in spirit e.g. to what
apply to models leading to a cosmological domain wall pnoble

Conductivity[20, 21] also plays a role in cosmology. Large-scale (irgkxctic) magnetic
fields are being observed, and one possibility is that theyoficosmological origin. Although
producing fields with a long enough correlation length idleinging (since there is no QCD phase
transition, one needs to evoke physics around the elecitowseale; then the “natural” distance,
given by the horizon radius scaled to present day by univexgansion, is only on a planetary
scale), certain mechanisms do exist. An example of a redentlation, in which dissipation
through the conductivity plays an important role, as welfather references, can be found in
ref. [28].

Chemical equilibration rates a transport coefficient related to a nearly (but not eyactn-
served particle number density [29]. For instance, it githesrate at which weakly interacting
massive particleattemptto follow the thermal distribution, before eventually fag to do so (cf.
fig. 1(left)); as an equation, this dynamics can be represess

A+3HN = —T pen(N—Neg) + (N — neq)2 , (4.1)

wheren is some number density, is its equilibrium valueH is the Hubble rate, anl ., is
the chemical equilibration rate. Now, the physics of ndathéstic massive particles is non-trivial,
manifesting e.g. the so-called Sommerfeld effect, whigmais a breakdown of the perturbative
series for the pair creation or pair annihilation rate atpgeraturesT < a?M, whereaq is a fine-
structure constant. Contrary to several of the other exesnplentioned, in this case the relevant
phenomena werérst elucidated in the context of cosmology, where the Somntbdéfect was
understood to play an important role, see e.qg. refs. [338}-[Subsequently it has also been applied
to the question of how fast the number density of charm quar&duced in heavy ion collision
experiments approaches its thermal value [34].

Kinetic equilibration rateof massive particles in hot QCD [35] can also be understood as
transport coefficient [36, 37]. In cosmology, an analogongtic equilibration also plays a role,
given that many Dark Matter candidates kinetically deceupla non-relativistic regime, and their
momentum distribution dictates the kind of structures taaitform [23]. In this case, it appears that
the two lines of research have developed independentlycbf@her, without any clear information
exhange between hot QCD and cosmology having taken place.

As a final example let us mention the rateamfomalous chirality violationa transport coef-
ficient related to the axial current. Indeed it plays a roléhbio heavy ion collision experiments,
with the gauge group SU(3) [38], as well as in cosmology, hih gauge group SU(2) (see e.g.
ref. [39] and references therein). The techniques usedtindases 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 progurmtillustrated in fig. 1(middle)
as leading to “non-thermal” dark matter or the “weak washscénario of leptogenesis. Note that
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the production is “thermal” because it takes place from antladized plasma; but the result is non-
thermal because the number density of the particles produreains below its equilibrium value.
(If the number density does reach the equilibrium value,rétevant observable is the chemical
equilibration rate rather than the particle productiom fat

In heavy ion collision experiments, thermal particle prctihn is among the most obvious
guantities to consider. The basic observation is that etgnetic processes do not have time
to take place within the lifetime of the thermal fireball; tb®re photons (whether real or virtual)
essentially escape the system, never reaching equilibifina processes can be illustrated as

There is a large body of work concerning the computation efdbrresponding rates.

What is relevant for the present talk is that the productibsuch “hard probes” from a QCD
plasma is similar to the production of very weakly intenagtparticles in cosmology. Examples
of such particles, which could perhaps contribute to darktenar leptogenesis, are gravitinos,
axions, axinos, andght-handed neutrinasin the present talk the focus is on the last ones, given
that right-handed neutrinos are a well-motivated partglecies in any case, since they appear to
offer the most natural explanation for the fact that at least of the left-handed neutrinos have
been observed to be massive.

Now, in QCD, the relevant gauge group is SU(3), and the “ruingshe diagram above are
gluons. For right-handed neutrinos, in contrast, the edaaak group SU(2)U(1) plays a more
prominent role, and the rungs of the corresponding diagrare®vV*,Z° bosons. However, if
we concentrate on temperatures above a few hundred GeVitibezlectroweak gauge group is
in its “confinement” (or “symmetric”) rather than the usudigjgs” phase, and the difference
is inessential from the qualitative point of view. Therebg again find a platform for a useful
exchange of theoretical methods between hot QCD and cogsnolo

To be concrete, consider one generation of right-handettines, with a Majorana spinor
field denoted byN, a mass parameter denotedMyand a Yukawa coupling denoted by. Then
the most general gauge-invariant and renormalizable iaddiv the Standard Model Lagrangian
has the form

5L = %ﬁ[iﬂ—M]N—[hV[aR@N+H.C.]. (4.2)

Here = io,¢* is the Higgs doublet/ is a lepton doublet, and, is a chiral projector.

Because of the Yukawa term, interactions with Standard Mpdgicles modify the self-
energy of the right-handed neutrinos. Defining a gaugeriamt4 x 4 self-energy matrix in Eu-
clidean signature formally as

Ze(K) = [ *((@'a0(X) (30)(0) . K=(knk). (4.3)
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Figure 3: A sketch of some of the parameter regions leading to a cogiuallly significant role for right-
handed neutrinos. More details on the two islands of thdSM” scenario can be found e.g. in ref. [9],
whereas the TeV scale leptogenesis scenario has beenemtsalg. in refs. [41]-[46].

the corresponding spectral function can be obtained froremaiytic continuation,

p(x) = % Se(kn — —i[K°+i07],k) — Zg(kn — —i[K0 — io+],k)] ., =K k). (4.4
A simple exercise (see e.qg. ref. [10]) then shows that, agdsrthe number density of the particles
produced is below its equilibrium value, like in fig. 1(middl their production rate can be written

as

dN 20 (KO)r ()
#2 Bk (2m3

[hy|

2
@ TP o), (45)

M) =

wheren is the Fermi distribution. Here the four-momentum is onish#” = (vkZ +MZ2 k). The
process can be illustrated as

where the diagonal line indicates the cut from eq. (4.4).

Even after taking into account the known left-handed neatrnass differences and mixing
angles, not that much is known about the valuels, aindM (the issue is that only the combination
~ |h,[2/M plays a role at low energies). In fact many different ordénsiagnitude can be consid-
ered; some of the cases are illustrated in fig. 3. For sintpleé focus on the “classic leptogenesis”
case here, witlv, iT >> 100 GeV; this scenario was originally put forward in ref. J40

Now, even after restricting thl, 7T > 100 GeV, whereby zero-temperature scales suchgs
or my: play no role, there are still two parameters in the probleunt,of which a dimensionless
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Figure 4: Left: regions of four-momenta#” = (k° k) studied in thermal QCD, with the acronyms repre-
senting effective field theories or resummation schemedatefr a systematic treatment. Right: a possible
right-handed neutrino trajectory in the early universereHe= /4ma, wherea refers to the strong gauge
coupling in QCD and to the weak one in the Standard Model.

ratio M/mT can be formed. This implies that there are different regjrdepending on the value
of M/mT (or, if the full spectrum rather than the total productioteria considered, otk®, k) /T,
wherek = |k|). The different regimes, as have been studied in the casmitdusspectral functions
in QCD on one hand, and as is relevant for the right-handettineyproduction rate on the other,
are illustrated in fig. 4.

The most difficult case turns out to be the initial productioma very early universe, referred
to as the “ultrarelativistic” regimenT > M > 100 GeV. In this case the production rate has been
computed systematically tieading orderin coupling constants only recently [47, 48, 49]. The
techniques used, often referred to as those of the “LPM'megffor Landau, Pomeranchuk and
Migdal) have been inspired by the corresponding hot QCD edaimn of photon production,
presented in refs. [50, 51, 52]. Therefore the recent pesgtan be viewed as a prime example of
a fruitful information exchange between the two fields.

In order to illustrate the practical importance of theseallggments, we need to introduce two
concepts. Traditionally, a “tree-level” computation msféo giving all particles effective (“asymp-
totic”) thermal masses, and then computing the producatafrom the lowest-order kinematically
allowed diagram. In contrast, a “consistent LO” computati@eds to include all processes which
contribute at the same orderéoupling constantgbut not necessarily at the same order in the loop
expansion). This requires, in particular, the resummatiaihe relevant “ladder” diagrams, which
do not amount to mass corrections.

A comparison of the results obtained with these two proceslis illustrated in fig. 5. At
high temperatures a factor of three is observed betweemtheesults, and at intermediate tem-
peratures the difference is even larger. It remains to b&eegh how big a practical effect these
corrections have in, say, leptogenesis computations, evbigrer (CP violating) phenomena also
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Figure 5. Right-handed neutrino production rate according to re8].[4The difference of “tree-level”
(thermal effects included through effective masses) aatf’fall loop orders systematically resummed in
order to obtain a consistent leading-order result) is sutist at all but the lowest temperatures.

enter the analysis. However, effects of order unity arerljlda be expected.

A simpler case is that of a late universe, referred to as tlm-helativistic” regime:M >
T > 100 GeV. This situation has also been addressed recently5f5355]; the techniques
(“OPE", for the Operator Product Expansion) are again sintib those that had been introduced
previously in the context of a hot QCD computation [56].

The difference between the ultrarelativistic and nontigktic regimes is that whereas in the
former case infinitely many loop orders need to be resummedHtaining a consistent leading-
order result, in the latter case no resummation is needatiwanare already discussing NLO
(next-to-leading order) corrections. Moreover, the NL@rections are argued to be small.

How can we understand this major qualitative difference?elve are considering the non-
relativistic regime then, from the viewpoint of the plasri&? = M? is ahard scale. This means
that we are in an “ultraviolet” regime, and can expand thaltées ¢'(T2/.%2): schematically,

4
T p(A )} ~ 12622 + 1O (% 1% (9T g)r + 0 (%) : (4.6)
Here thef’s denote Wilson coefficients, which are independent of émeperature but can depend
on a factorization scaley; and thermal corrections only appear through expectatadneg of
gauge-invariant condensates, the lowest-dimensionahaftwis ((quo>T.

Now, the form of eq. (4.6) implies that even if there are peofis with thermal perturbation
theory, they are isolated into the computations of statoitt functions, much as the observ-
ables considered in sec. 4.1. This already renders them siingther than the computations in the
ultrarelativistic regime, where genuine 2-point funcioreed to be addressed; for instance, pertur-
bative resummation techniques removing divergences aitahle up to the 4-loop level, and the
infrared sector could also be handled non-perturbativédly velatively simple lattice Monte Carlo
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simulations if desired [39]. Moreover, irrespective ofgbassues, dimensional reasons guarantee
that thermal corrections are small at low temperaturepragsed by~ T2/M? with respect to the
leading term in eqg. (4.6), so that theoretical errors canrbadht under control.

As a concrete example, the complete self-energy in thismegian be expressed as [55]

ZZe(K) = aL|KaR{(471T) <1+In522+2>

|ht|2Nc< 3 1 2 1P _ZnE_5_7>
(4m* \2e2 4¢ 2 K2 2 K2 8

o (et R B 3 X))

[ (fr)r\)zo %*%%ﬂ%(g‘ﬂl—i)}, 4.7)
gm«p*coh:%z—;—; %_%

T2 IjeVE 2 IjeVE
o o(E) ] ()

8
3(d% + 393) ueey 2 (-1 2nT
# HO (G )5 22y ran(5 )| )

where Z;, and Z;, are renormalization factor$y is the top Yukawa coupling) the Higgs self-
coupling; andg?, g3 the U(1) and SU(2) gauge couplings, respectively. The petarsm,,, m,,,

m, refer to the U(1) and SU(2) Debye mass parameters and theahétiggs mass parameter,
respectively, all of which scale asgT at high temperatures. The corresponding spectral function
is obtained from eq. (4.4), and gets a contribution only fterms containing logarithms 2.

In eq. (4.8) the condensa#, (@' @) has been given up to NNLO, with corrections of relative
orders@(g) and 0(g?), or &(a'/?) and & (a) in the language of sec. 4.1. These corrections are
of peculiar types, containing functions that are non-aimaly the coupling constants. Inserting
numerical values, it also appears that the practical cgevee of the series is marginal at best.
Nevertheless, as mentioned, the thermal correction as Eewhpower-suppressed with respect to
the well-convergent vacuum contribution. So, in this regjitechniques formulated originally for
hot QCD [56] allow us to obtain reliable results also for cosmgy [53, 54, 55].

5. Conclusions

The purpose of this talk has been to illustrate that themaktvork in hot QCD, originally
motivated by heavy ion collision experiments, may find ureeted applications in cosmology, just
by changing the gauge group from SU(3) into SU(R)1), and vice versa. It is at least in this
wider sense that hot QCD and cosmology should continue rangach other for years to come.
There are also specific cases in which a more direct link cexist (cf. sec. 2), however in these
cases it remains to be seen whether nature has made useeoptsibilities.
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