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Trajectory of the cosmic plasma through the quark matter phase diagram
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Experimental studies of the quark-gluon plasma (QGP) focus on two, in practice distinct, regimes: one in
which the baryonic chemical potential up is essentially zero, the other in which it is of the same order of
magnitude as the temperature. The cosmic QGP which dominates the early universe after reheating is
normally assumed to be of the first kind, but recently it has been suggested that it might well be of the
second: this is the case in the theory of “little inflation.” If that is so, then it becomes a pressing issue to fix
the trajectory of the Universe, as it cools, through the quark matter phase diagram: in particular, one wishes
to know where in that diagram the plasma epoch ends, so that the initial conditions of the hadronic epoch
can be determined. Here we combine various tools from strongly coupled QGP theory (the latest lattice
results, together with gauge-gravity duality) in order to constrain that trajectory, assuming that little

inflation did occur.
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I. THE COSMIC PLASMA IN THE
QUARK PHASE DIAGRAM

The history of the early universe is conventionally
divided into various ‘“epochs”: the Planck epoch, the
plasma epoch, and so on. Each epoch is described by a
number of parameters, and it is the task of early universe
physics to determine the trajectory of the cosmos, as time
passes, through these parameter spaces.

The plasma epoch, just prior to the more familiar
hadronic epoch, is the earliest one involving forms of
matter that can be produced experimentally, and it is
therefore of particular interest to understand it more
completely. During that period, the Universe consisted
predominantly of a quark-gluon plasma (QGP), and the
relevant parameter space is the quark matter phase diagram
[1-4], in which the parameters are temperature 7 and the
baryonic chemical potential . This diagram is thought to
take the form shown in Fig. 1; as usual in such diagrams,
there is a line along which there is a first-order phase
transformation (to the hadronic or other, more exotic states
at very large pp) but this line does not persist to low values
of ug: instead it terminates at a critical endpoint [5], to the
left of which there is a smooth crossover; this has been
known for some time, as a result of highly sophisticated
lattice QCD computations [6].

As the Universe cooled, the plasma traced out a
trajectory downwards through this diagram. This immedi-
ately prompts a basic question: as the cosmic plasma
cooled, did it undergo an actual phase transition, or did
it merely pass through a smooth crossover? The answer to
this question is of basic importance in understanding the
initial conditions for the hadronic epoch [8].
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The standard (current) answer to this question is that, in
view of the small value (75 ~107°) of the net baryon
density/entropy density ratio in the hadronic epoch, up
must have been small (relative to the temperature) through
the plasma epoch; so the evolution proceeded in a con-
tinuous way, through a smooth crossover. (On the quark
matter phase diagram, the evolution is represented by a
trajectory which is almost vertical, and very close to the T
axis, until the temperature falls far below the critical
temperature; at around 35 MeV it then deviates sharply
to the right, eventually entering the region corresponding to
nuclear matter. See [9].) This has not always been the
consensus view, however: in [10], Witten considered the
possible observational signatures of a cosmic first-order
phase transition, and in [11] and [12] the possibility that the
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FIG. 1. Possible Trajectories of the cosmic plasma in the

quark matter phase diagram (after Boeckel and Schaffner-
Bielich [7]).
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cosmic plasma era ended at a large value of up was
considered.'

More recently, in [7,15,16], this idea has been revived
and developed much more extensively: the result is a theory
of “little inflation.” One of the principal motivations of this
theory concerns the well-known Affleck-Dine theory of
baryogenesis [17] (see also [18]). This theory can indeed
produce the observed value of 5, but [19] it can also easily
produce substantially larger values. The point of view of
little inflation is that one might regard (relatively) large
values of up, arising from Affleck-Dine baryogenesis or
some related mechanism, to be generic for the cosmic
plasma. In fact, little inflation can handle, and is consistent
with, quite large values of pp (relative to the temperature
T), perhaps as large as pug/T ~ 100.

In this theory, then, the value of up was large throughout
the plasma epoch, even when it ended, through a first-order
transition. The theory postulates that, as the plasma crossed
the phase transition line, it first entered a false (metastable)
QCD vacuum, where it was trapped and inflated under the
influence of the constant potential. (The number of e-folds
is less than 10, hence “little” inflation.) When the plasma
transits to the true vacuum, the corresponding reheating
dilutes the baryon/photon ratio and the value of 5 drops
rapidly to around 107°. (On the quark matter phase
diagram, this means that the trajectory of the plasma is a
diagonal line which descends towards, and intersects, the
phase line. After that, the trajectory is nearly horizontal,
until it meets, and merges with, the conventional evolution
at some point just below the critical temperature—in fact, at
essentially the same temperature as the point where it met
the phase line. See Fig. 1 (based on Fig. 2 of [7]).

This scenario is in good agreement with the data, and
makes numerous predictions for forthcoming observations.
In particular, it makes definite predictions regarding the
extremely intense magnetic fields which are now thought to
have permeated the cosmic plasma, and which must be
taken into account in any theory of that plasma: see [20,21]
for extensive recent reviews. That is, little inflation auto-
matically incorporates a “magnetogenesis” mechanism.
The magnetic field is an essential component of little
inflation and must be included in any (for example,
holographic) analysis of it.

From a theoretical point of view, this way of complet-
ing theories of baryogenesis is very attractive, since the
small observed value of #p is accounted for by the
dramatic changes which, in any case, must occur if
the plasma era reaches its end through a first-order phase
transition.

Thus, we have two very different accounts of the
manner in which the cosmic plasma traverses the quark
matter phase diagram. It is remarkable that in these

lLarge values of pp also play a role in the theory of
“inhomogeneous baryogenesis;” see [13,14].
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theories the evolution of the cosmic plasma precisely
reflects the QGP as it is produced in two very different
current programs of heavy-ion collision experiments: on
the one hand, the low-up plasma is being examined by
ALICE experiment at the LHC [22], while the high-up
plasma has been the target of the beam scan experiments
at the RHIC [23-25], and will be further explored at
SHINE, NICA and FAIR, and the extended beam scan at
the RHIC [26-29]. Although comparing the cosmic
plasma with the QGP produced in heavy-ion collisions
is far from straightforward [30], it is reasonable to hope
that these experiments might yield at least some data
relevant to the cosmic plasma near the end of the plasma
epoch: one set of experiments will be relevant to the
conventional picture of the evolution of the cosmic
plasma, the other set to little inflation.

If the hadronic epoch began after an actual first-order
phase transition, this could have important consequences.
To take but three of many examples:

(i) A sharp phase transition could give rise to inhomo-
geneities that might help to explain currently ob-
served structures, such as voids [30].

(i) There have been suggestions [31] that a first-order
cosmic phase transition might be accompanied by
acoustic effects, giving rise to observable signatures
in the form of gravitational waves.

(iii) A large value of up during the plasma epoch could
modify the plasma equation of state in potentially
observable ways [32].

Little inflation does however suffer from one drawback:
unlike the conventional theory, it does not specify precisely
the actual trajectory of the cosmic plasma through the phase
diagram. Thus, in particular, one does not have a prediction
for the location of the point on the phase line where the
plasma epoch ended; that is, the theory does not fix initial
conditions for the hadronic epoch. Our objective here is to
ameliorate this problem.

We do this in two steps. First, the latest results from
lattice gauge theory [33] are used to constrain the position
of the phase transition line; and then gauge-gravity duality
(see [34] for the general case, [35—-37] for the application to
the QGP) is used to impose a lower bound on the slope of
the little inflation trajectory shown in Fig. 1, in the manner
explained in [38,39]. We argue that, as the nucleation of a
false vacuum is a delicate process requiring that specific
conditions be satisfied regarding the height and the stability
of the relevant barrier—see Sec. III of [7]—it is essential to
avoid, as far as possible, the vicinity of the critical endpoint.
For one expects the typical strong fluctuation phenomena
associated with critical opalescence [40] to be important in
that region of the phase diagram; indeed, those fluctuations
are so strong that they provide the principal way of locating
the critical endpoint [41-43]. Combining all of these
arguments, we can constrain the trajectory of the cosmic
plasma rather strongly.
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II. THE PHASE TRANSITION LINE

There is as yet no complete agreement as to the location
of the quark matter critical endpoint, as obtained from
lattice studies: in [33] one finds a discussion of various
proposed points in the phase diagram, such as one (see
[44]) with coordinates (u$EP/TCEP, TCEP/TC) ~ (1.68,
0.94), where TOC is the crossover temperature at up = 0,
for which we follow [33] and take the value ~150 MeV;
but also another with coordinates (u$EP /TCEP TCEP /TE) ~
(2.2,0.99) (see [45]). In [5], a range for u§EP /TCEP of 1-2
is suggested. However, it is argued in [33] that recent lattice
studies of the equation of state at nonzero up, and of
cumulants of charge fluctuations, both indicate that a
critical endpoint satisfying u$EP/TCEP < 2 is “unlikely.”
In view of all this, let us put the critical endpoint at
TCEP = 145 MeV, u§EP = 300 MeV, since that is a point
on the curve shown in Fig. 6 of [33]. We stress, however,
that the question of the location of the critical point is far
from settled: we are selecting TCEP = 145 MeV, uSEP =
300 MeV simply to be definite, not to assert that these
values are confirmed.

The shape of the phase line? has, again, recently been
constrained by lattice investigations: according to [48]
(very recently confirmed in [33]), the (absolute value of
the) curvature of the phase line is, at least for small up,
given approximately by

kg = 0.0066(7), (1)

where kp is expressed in terms of the baryonic rather than
the quark chemical potential.3 Notice that this curvature is
very small, far smaller than is represented in the usual
schematic quark matter phase diagrams (including Fig. 1
above). The corresponding curve, reasonably extrapolated,
is shown in Fig. 6 of [33].

In the application to little inflation, the trajectory of
the cosmic plasma intersects this line at some point to
the right of the critical endpoint. We now try to use
gauge-gravity duality to constrain the location of this
intersection point.

III. THE CONSTRAINT FROM
GAUGE-GRAVITY DUALITY

As the phase transition line bends down and to the right
from the critical endpoint (see Fig. 1) it follows that, if
indeed a given plasma passes across this line, then the value

*Here and throughout we are assuming, as is customary (but
see the discussion in [46]), that the phase line corresponds to the
breaking of chiral symmetry [47].

There has in fact been some very recent debate regarding this
value: see [49-53]. Again, our concern here is to be definite, not
to take a position on this question; in any case, the differences are
not such as would change our main conclusions substantially.
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of ug/T at the point where the trajectory crosses the phase
line, uf/T*, must satisfy

SER JTCRF < it /T @)

so we have a lower bound on % /T*#. We now recall [39]
that gauge-gravity duality imposes an upper bound on it.

To see how this works, consider the submanifold of anti—
de Sitter spacetime AdS, which is foliated by conformal
copies of three-dimensional Minkowski spacetime. Its
metric may be expressed as

(AdSY) = —r—zdt2+ dr + rPldy? +d&?. (3)
g 4= 2 / 12 rrldy s
where L denotes the curvature scale, and the zero super-
script reminds us that the spacetime is foliated by (1 + 2)-
dimensional zero-curvature sections. We can regard ¢ as
time at infinity, and y and ¢ as dimensionless planar
coordinates there. Clearly the geometry at infinity is indeed
that of (1 + 2)-dimensional Minkowski spacetime, if we
make a conformal transformation using the factor r%/L>.

We ask the reader to regard this (1 + 2)-dimensional
spacetime as a timelike section through ordinary four-
dimensional Minkowski spacetime: that is, one constructs it
by arbitrarily choosing a specific spatial direction in three-
dimensional flat space, described by a dimensionless
coordinate £, and regarding ¢, w, and ¢ as coordinates in
the (1 + 2)-dimensional spacetime perpendicular to that
direction (so that the full four-dimensional Minkowski
spacetime has metric —dr? + L*[dy? + d¢* + d&?)). That
is, the conformal infinity of (this version of) AdS can be
regarded as a (1 4 2)-dimensional subspacetime of four-
dimensional Minkowski spacetime.

Now the conformal factor we used here is not the only
possible choice: we are free to make a further transformation
involving ¢ as well as r. Let a(¢) be any smooth function
of 1, let 7 be defined by dz = a(r)dr, and use this to express ¢
as a function of z; then let A(z) denote a(z) when this is
done. A conformal transformation of the flat spacetime,
with conformal factor a(t)?, produces the conformally
flat Friedmann-Robertson-Walker (FRW) metric —dz2+
A(7)*L?[dy? + d&? + dé?]. So we see that the conformal
infinity of AdS, can be regarded as a (1 + 2)-dimensional
subspacetime of any spatially flat FRW spacetime.

Now of course FRW spacetimes have a very large
isometry group: they are homogeneous and isotropic.
In a physical sense, a four-dimensional spatially flat
FRW spacetime is “really” (1 4 2) dimensional: for if
we understand the physics on any two-dimensional plane,
then we automatically know the conditions on any other
two-dimensional plane, even if it has a different orientation
and location. In short, it suffices to understand the physics
associated with a (1 4 2)-dimensional subspacetime with
metric —dz? + A(7)2L*[dy? + d?).
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As we have seen, this spacetime is holographically dual
to AdS,, and so we have a way of studying this FRW
spacetime holographically, section by section. This duality
is of little interest, however, since for example AdS, does
not have a well-defined temperature, or any parameter
corresponding to the baryonic chemical potential of the
boundary theory; nor does it allow for the strong magnetic
fields which, as we discussed earlier, are thought to have
permeated the cosmic plasma. However, there is a very
well-known way of solving these problems [35-37]:
instead of using AdS,, let us insert an asymptotically
AdS dyonic Reissner-Nordstrom metric with planar (zero-
curvature) event horizon into the bulk. The metric, an exact
solution of the Einstein-Maxwell equations [54,55], is

9(AdSdyRNY)
2 8aMT 4z(Q7 + P7)
=—|=- dr?
L2 r * 2
dr?

2 _ 8aM* | 4a(QP+P?)
L? r r?

P ) (4)

where M*, Q*, and P* are geometric parameters connected
to the mass and electric and magnetic charges (per unit
horizon area), y and ¢ are dimensionless Cartesian coor-
dinates, and L is now the asymptotic AdS curvature
parameter. This is the minimally complex bulk metric that
allows us to account for a dual field theory which [1] has a
well-defined temperature, [2] has a nonzero baryonic
chemical potential, and [3] is accompanied by a nonzero
magnetic field, as discussed earlier.

The electromagnetic potential form outside the black
hole is

(1 1\ QO pP*

'

where the constant term in the coefficient of dt is present to
ensure regularity; here r; represents the location of the
event horizon. The field strength form is

Q* P*
—S—ditndr + —dynrdg. 6
L i dende (6)

F =
The baryonic chemical potential pp of the dual system is
related holographically to the asymptotic value of the time
component of the potential form, that is, to Q*/(r,L),
while the magnetic field associated with the dual system is
given by the asymptotic value of the field strength, that is,
to P*/L; see below for the precise relations. This pro-
cedure, making use of dyonic AdS black holes as duals of
strongly coupled systems with large chemical potentials
and subjected to strong magnetic fields, is standard in
applications of holography to condensed matter physics
(see [56]), and it works in just the same way here.
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Now the conformal boundary here is precisely the same
as in the much simpler case of AdS,, discussed above: it is
conformal to a (14 2)-dimensional section of four-
dimensional Minkowski spacetime. This bulk geometry
is therefore dual, in precisely the same sense as we
discussed earlier, to physics on some (1 + 2)-dimensional
section through a FRW spacetime with flat spatial sections;
but now the bulk does have a well-defined temperature (the
Hawking temperature of the black hole), as well as having
additional parameters (Q* and P*) which can describe the
baryonic chemical potential up and the magnetic field B in
a plasma at infinity. Thus we obtain a gauge-gravity
description of certain quantities characterizing the cosmic
plasma. (For a detailed description of this procedure,
see [38,39].)

Of course, this duality is severely limited, since the bulk
is static, and so we can only hope to account for (approx-
imately) time-independent quantities on the boundary.
Such quantities include two of particular interest, however,
namely the temperature-scaled magnetic field g, defined by

B = pT?, (7)

and the “specific baryonic chemical potential” ¢,
defined by

up = ¢aT. (8)

These two quantities are constant because B and T2 evolve,
in conventional cosmology, at the same rate (with the
inverse square of the cosmological scale factor) and
similarly pp and T both evolve with the reciprocal of
the scale factor; see [39] for the details. Note that ¢p is the
reciprocal of the slope of the straight line trajectory” shown
in Fig. 1. These two constants will be our main concern in
this work.

The holographic “dictionary” relates the black hole
parameters to the temperature, baryonic chemical potential,
and magnetic field strength of the boundary field theory by
means of the equations [39]

_3
Hp = th ’ (9)
B =P*/L?, (10)

1 (M,_M); (11)

4. \72 2
drr, \ L r

“The straightness of this trajectory should really be understood
in a piecewise sense, since the slope changes abruptly at
particular instants in the history of the cosmic plasma; see
[30]. However, we are mainly concerned here with the final
segment, terminating at the intersection with the phase line.
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here r;, is, as above, the value of the radial coordinate at the
event horizon, but one can think of it as fixed function of
the boundary parameters by combining these equations to
obtain

4r

3r2 — 4ﬂTL2rZ -9

piL4r2 —4zB?L8 = 0. (12)

That is, on the boundary we define r;, to be the largest real
solution of this equation.

Now it has recently been emphasized, particularly by
Ferrari and Rovai [57], that the very existence of a holo-
graphic duality between a gravitational theory in the bulk
and a nongravitational boundary theory can impose highly
nontrivial conditions on both. In particular, it was found in
[57] that holography imposes an “isoperimetric inequality”
on the (Euclidean) bulk geometry, which runs as follows.

Consider a hypersurface X in the bulk which is homolo-
gous to the three-dimensional boundary, and denote the
area of a fixed compact domain in £ by A(X). Let V(My) be
the volume enclosed by X. Then the requirement is that
(with “E” for “Euclidean”)

@EEA(Z)—%V(MZ) >0, (13)

where, as above, L denotes the asymptotic curvature scale.
This inequality is certainly not satisfied in all cases, so we
obtain a useful constraint just from the internal consistency
of holography.

There is of course a Lorentzian interpretation of the
isoperimetric inequality: in the case of a black hole bulk,
the Lorentzian version® of (13) states that the black hole
should be free of an instability which can result when
branes are created in the bulk by a Schwinger-type pair-
production effect first studied by Seiberg and Witten [58];
see [59-61] for general studies of this important effect, and
[62] for the specific application to this case. This too is a
consistency condition, in the sense that, without it, it is not
consistent to assume that the bulk is static or that string-
theoretic objects (such as branes) in the bulk can be
neglected. Henceforth we focus on the Lorentzian version
of consistency.

Using Eq. (3), we can readily evaluate &F and its
Lorentzian counterpart @ for AdS}: one finds that
&L (AdSY) = 0, and so the consistency condition is sat-
isfied. But for the black hole with metric (4), one has [39]

>The Lorentzian version of (13) usually differs from the
Euclidean version, because the geometry of the Lorentzian bulk
differs from its Euclidean counterpart: one has to complexify not
just ¢ but also some other parameters, such as the electric charge
and the angular momentum.
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©"(AdSdyRNY)(r)
I e 1L S

I

where, from the definition of r;, r is restricted to r > r;,.
The condition for holography to be internally consistent,
that is, the (Lorentzian version of) the isoperimetric
inequality (13), is now far from trivial: it requires that
&Y (AdSdyRNY)(r) should be non-negative for all r. It
turns out (see again [39]) that the condition for this is

2 Ml 374
B +?S4H‘T, (15)
where the holographic dictionary given earlier has been
used, and where r/, is to be understood as a certain function
of B, pp, and T, to be found by solving Eq. (12). Thus the
isoperimetric inequality in the bulk has a dual version on
the boundary: a complicated inequality to be satisfied by
the boundary parameters B, ug, and T.

If the inequality (15) was not satisfied, then brane pair
production would run out of control, and the corresponding
backreaction on the bulk geometry would imply that it
ceases to be static. Apart from the fact, mentioned earlier,
that this would not be consistent, one should also consider
that the dual interpretation would presumably be that the
cosmic magnetic field, the temperature, and the baryonic
chemical potential (or their ratios) would begin to evolve in
a nonstandard manner. But the evolution of these quantities
with the scale factor is well understood. Thus we should
strive to ensure that (15) holds in all cases.

One can show [39] that the inequality (15), applied to
Eq. (12) above, is equivalent to the following inequality:

8a? 3a?
(4773 —T>€é +03€B—ESO’ (16)

where®

o> =473 — p2, (17)
and S and ¢p are defined above in Egs. (7) and (8).

Fixing f and regarding the left side of (16) as a function
of ¢p, one finds that this function is increasing for all
positive ¢p, and that it has a single positive root. Therefore
(16) imposes an upper bound on ¢, given by this root,
which we denote by p(/3); this is to be regarded as a known
function, given by solving a quartic polynomial equation;
one finds that it is in fact a decreasing function of f.
Combining this statement with the inequality (2) and
recalling the definition of ¢z, we have

®Note that (15) itself implies that g < 4z°, so there is no
difficulty in the following definition of a.
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HGE? TR < iy /T < p(P). (18)

Thus, given a reasonable estimate for 5, we can constrain
u%/T* (and the slope of the trajectory of the plasma through
the phase diagram) from both sides.

IV. THE TRAJECTORY AND THE END
OF THE PLASMA EPOCH

The value of f has been extensively investigated in
theories of cosmic magnetogenesis [20,21]. There is much
uncertainty regarding its value during the plasma epoch,
with estimates for B at the end of the plasma epoch ranging
up to around 3.7 x 10'7 gauss (though such a large value is
very unlikely in the specific magnetogenesis mechanism
given by little inflation). However, this means that # only
ranges from zero up to =1.15, and, fortunately, it turns out
that p(cp) varies very little in this domain: a simple
numerical investigation shows that p(0) ~ 2.353, while
p(1.15) =~ 2.324. Let us take a value between these two
extremes, say 2.34. Since we are taking u§EP/TCEP =
300/145 ~2.07, we can now express (18) explicitly in
the following manner:

2.07 <l /T# < 2.34. (19)

Now we should strongly emphasize that, at this point at
least, the gauge-gravity duality is not as precise as these
numbers suggest. For, as is well known, it applies to
boundary field theories which resemble strongly coupled
QCD in many ways, and which share surprisingly many
universal features with it, yet are not the same. The
generally accepted procedure (see [63] for a detailed
discussion) is that gauge-gravity predictions should be
interpreted as accurate to within a factor of about 2
(systematic error). A reasonably realistic interpretation of
(19) might state that uf/T* is constrained to lie between
approximately 2 and 4.

Note that little inflation itself allows for far larger values,
up to 100 (see [7]); thus, despite its limitations, the gauge-
gravity duality makes a useful contribution here, narrowing
the range of possible values for yf% /T* very substantially. In
fact, the range is narrower than 2 < u%/T* < 4: one can
argue that both the lower and the upper ends of the range
must be avoided.

To begin with the lower limit: as with any critical point,
the immediate vicinity of the quark matter critical endpoint
is beset by strong fluctuations: this is the well-known
phenomenon of critical opalescence [40], the detection of
which is in fact the precise goal of experiments relevant to
this regime [41-43]. It is highly likely that strong fluctua-
tions in this vicinity would disturb the establishment and
persistence of a metastable QCD vacuum, which is the very
basis of little inflation. Therefore we argue that, in order for
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little inflation to be viable, values of uf/T* around 2 must
be avoided.

On the other hand, as we have already mentioned, the
upper bound set by gauge-gravity duality is uncertain, by
the very nature of the duality in its present state of
development. The existence of a stable plasma violating
the isoperimetric inequality (13) would prove that gauge-
gravity duality cannot be consistently applied to the cosmic
QGP. Thus it would be risky to entertain values for yf% /T*
near to 4.

To be concrete, let us take pf%/T* = 3 as a reasonable
estimate consistent with all of the above considerations.
The trajectory is then a line in the phase diagram of slope
1/3; one finds, using the parametrization of the phase line
described in [33], that the intersection with the phase line is
at approximately (u%, T*%) = (400, 135) in units of MeV.
This is at an acceptable distance from our assumed location
of the critical endpoint, (u$EP, TCEP) = (300, 145), so that
fluctuations should not disrupt little inflation, while
remaining compatible with the requirements of gauge-
gravity duality.

V. CONCLUSION: INITIAL CONDITIONS FOR
THE HADRONIC EPOCH

To summarize: using the latest lattice results and
methods drawn from gauge-gravity duality, we have argued
that, in the highly interesting and novel little inflation
theory, the following statements can be made.

(i) The trajectory of the cosmic plasma through the

quark matter phase diagram is a straight line (at least
in the late plasma epoch) such that 2 < u#/T* < 4,
though the ends of this range should be avoided.

(ii) If we take u%/T* ~ 3, and use the parametrization

given in [33], the end of the plasma epoch occurred
near to the point in the diagram with coordinates
(1%, T*) = (400, 135) MeV [assuming that the criti-
cal endpoint is near (300, 145) MeV]; that is, at a
temperature not far below that of the critical end-
point, but at baryonic chemical potential substan-
tially higher.

It follows that the beam scan experiments [23—29], many
of which may ultimately be capable of probing this regime,
will, under these assumptions, be examining a plasma
similar to the cosmic plasma just before it underwent a first-
order phase transition. The prospect of having direct access
to matter akin to the content of the microsecond universe,
just as it was undergoing a strong phase transition, is
exciting indeed.

ACKNOWLEDGMENTS

The author is grateful to Professor Soon Wanmei for
technical assistance, and to Cate Yawen Mclnnes for
encouragement.

043544-6



TRAJECTORY OF THE COSMIC PLASMA THROUGH THE ...

[1] N. Itoh, Hydrostatic equilibrium of hypothetical quark stars,
Prog. Theor. Phys. 44, 291 (1970).

[2] A. Ohnishi, Phase diagram and heavy-ion collisions: Over-
view, Prog. Theor. Phys. Suppl. 193, 1 (2012).

[3] B. Mohanty, Exploring the QCD phase diagram through
high energy nuclear collisions: An overview, Proc. Sci.
CPOD2013 (2013) 001.

[4] H. Satz, Probing the states of matter in QCD, Int. J. Mod.
Phys. A 28, 1330043 (2013).

[5] R. V. Gavai, QCD critical point: The race is on, Pramana 84,
757 (2015).

[6] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz, and K. K. Szabo,
The order of the quantum chromodynamics transition
predicted by the standard model of particle physics, Nature
(London) 443, 675 (2006).

[7] T. Boeckel and J. Schaffner-Bielich, A little inflation at the
cosmological QCD phase transition, Phys. Rev. D 85,
103506 (2012).

[8] M. J. Fromerth, I. Kuznetsova, L. Labun, J. Letessier, and J.
Rafelski, From quark-gluon universe to neutrino decou-
pling: 200 > T > 2 MeV, Acta Phys. Pol. B 43, 2261
(2012).

[9] M.J. Fromerth and J. Rafelski, Hadronization of the quark
universe, arXiv:astro-ph/0211346.

[10] E. Witten, Cosmic separation of phases, Phys. Rev. D 30,
272 (1984).

[11] K. W. Ng and W. K. Sze, Quark-hadron phase transition of
the early universe in the nontopological soliton model, Phys.
Rev. D 43, 3813 (1991).

[12] N. Borghini, W.N. Cottingham, and R. V. Mau, Possible
cosmological implications of the quark hadron phase
transition, J. Phys. G 26, 771 (2000).

[13] A. Dolgov and J. Silk, Baryon isocurvature fluctuations at
small scales and baryonic dark matter, Phys. Rev. D 47,
4244 (1993).

[14] A.D. Dolgov, M. Kawasaki, and N. Kevlishvili, Inhomo-
geneous baryogenesis, cosmic antimatter, and dark matter,
Nucl. Phys. B807, 229 (2009).

[15] T. Boeckel and J. Schaffner-Bielich, A Little Inflation in the
Early Universe at the QCD Phase Transition, Phys. Rev.
Lett. 105, 041301 (2010); Erratum: A Little Inflation in the
Early Universe at the QCD Phase Transition, Phys. Rev.
Lett. 106, 069901 (2011).

[16] S. Schettler, T. Boeckel, and J. Schaffner-Bielich, The
Cosmological QCD Phase Transition Revisited, Prog. Part.
Nucl. Phys. 66, 266 (2011).

[17] 1. Affleck and M. Dine, A new mechanism for baryogenesis,
Nucl. Phys. B249, 361 (1985).

[18] A.D. Linde, The new mechanism of baryogenesis and the
inflationary universe, Phys. Lett. 160B, 243 (1985).

[19] M. Dine and A. Kusenko, The origin of the matter-
antimatter asymmetry, Rev. Mod. Phys. 76, 1 (2004).

[20] A. Kandus, K.E. Kunze, and C.G. Tsagas, Primordial
magnetogenesis, Phys. Rep. 505, 1 (2011).

[21] R. Durrer and A. Neronov, Cosmological magnetic fields:
Their generation, eEvolution and observation, Astron. As-
trophys. Rev. 21, 62 (2013).

[22] A. Andronic, An overview of the experimental study of
quark-gluon matter in high-energy nucleus-nucleus colli-
sions, Int. J. Mod. Phys. A 29, 1430047 (2014).

PHYSICAL REVIEW D 93, 043544 (2016)

[23] I. Selyuzhenkov, Recent experimental results from the
relativistic heavy-ion collisions at LHC and RHIC, arXiv:
1109.1654.

[24] X. Dong (for the STAR Collaboration), Highlights from
STAR, Nucl. Phys. A904, 19¢ (2013).

[25] S. Das (for the STAR collaboration), Chemical freeze-out
parameters in Beam Energy Scan Program of STAR at
RHIC, EPJ Web Conf. 90, 10003 (2015).

[26] M. Unger (for the NA61/SHINE Collaboration), Results
from NA61/SHINE, EPJ Web Conf. 52, 01009 (2013).

[27] V.D. Kekelidze, A.D. Kovalenko, I. N. Meshkov, A.S.
Sorin, and G. V. Trubnikov, NICA at JINR: New prospects
for exploration of quark-gluon matter, Phys. At. Nucl. 75,
542 (2012).

[28] M. Bleicher, M. Nahrgang, J. Steinheimer, and P. Bicudo,
Physics prospects at FAIR, Acta Phys. Pol. B 43, 731
(2012).

[29] Y. Akiba et al., The hot QCD white paper: Exploring the
phases of QCD at RHIC and the LHC, arXiv:1502.02730.

[30] J. Rafelski and J. Birrell, Traveling through the Universe:
Back in time to the quark-gluon plasma era, J. Phys. Conf.
Ser. 509, 012014 (2014).

[31] T. Kalaydzhyan and E. Shuryak, Gravity waves generated
by sounds from big bang phase transitions, Phys. Rev. D 91,
083502 (2015).

[32] S.M. Sanches Jr., F.S. Navarra, and D. A. Fogaca, The
quark gluon plasma equation of state and the expansion of
the early Universe, Nucl. Phys. A937, 1 (2015).

[33] H.-T. Ding, F. Karsch, and S. Mukherjee, Thermodynamics
of strong-interaction matter from Lattice QCD, Int. J. Mod.
Phys. E 24, 1530007 (2015).

[34] V.E. Hubeny, The AdS/CFT correspondence, Classical
Quantum Gravity 32, 124010 (2015).

[35] Y. Kim, I.J. Shin, and T. Tsukioka, Holographic QCD:
Past, present, and future, Prog. Part. Nucl. Phys. 68, 55
(2013).

[36] O. DeWolfe, S. S. Gubser, C. Rosen, and D. Teaney, Heavy
ions and string theory, Prog. Part. Nucl. Phys. 75, 86 (2014).

[37] R. A. Janik, AdS/CFT and applications, Proc. Sci. EPS-
HEP2013 (2013) 141.

[38] B. Mclnnes, A holographic bound on cosmic magnetic
fields, Nucl. Phys. B892, 49 (2015).

[39] B. Mclnnes, Holography of little inflation, Nucl. Phys.
B894, 553 (2015).

[40] T. Csorgo, Critical opalescence: An optical signature for a
QCD critical point, Proc. Sci. CPOD2009 (2009) 035.

[41] L. Adamczyk et al. (STAR Collaboration), Beam Energy
Dependence of Moments of the Net-Charge Multiplicity
Distributions in Au + Au Collisions at RHIC, Phys. Rev.
Lett. 113, 092301 (2014).

[42] A. Adare et al., Beam-energy and system-size dependence
of the space-time extent of the pion emission source
produced in heavy ion collisions, PHENIX Collaboration,
arXiv:1410.2559.

[43] L. Turko (for the NA61/SHINE Collaboration), Search for
the critical point of strongly interacting matter at the CERN
SPS NAG61/SHINE experiment, J. Phys. Conf. Ser. 623,
012027 (2015).

[44] R. Gavai and S. Gupta, QCD at finite chemical potential
with six time slices, Phys. Rev. D 78, 114503 (2008).

043544-7


http://dx.doi.org/10.1143/PTP.44.291
http://dx.doi.org/10.1143/PTPS.193.1
http://dx.doi.org/10.1142/S0217751X13300433
http://dx.doi.org/10.1142/S0217751X13300433
http://dx.doi.org/10.1007/s12043-015-0983-y
http://dx.doi.org/10.1007/s12043-015-0983-y
http://dx.doi.org/10.1038/nature05120
http://dx.doi.org/10.1038/nature05120
http://dx.doi.org/10.1103/PhysRevD.85.103506
http://dx.doi.org/10.1103/PhysRevD.85.103506
http://dx.doi.org/10.5506/APhysPolB.43.2261
http://dx.doi.org/10.5506/APhysPolB.43.2261
http://arXiv.org/abs/astro-ph/0211346
http://dx.doi.org/10.1103/PhysRevD.30.272
http://dx.doi.org/10.1103/PhysRevD.30.272
http://dx.doi.org/10.1103/PhysRevD.43.3813
http://dx.doi.org/10.1103/PhysRevD.43.3813
http://dx.doi.org/10.1088/0954-3899/26/6/302
http://dx.doi.org/10.1103/PhysRevD.47.4244
http://dx.doi.org/10.1103/PhysRevD.47.4244
http://dx.doi.org/10.1016/j.nuclphysb.2008.08.029
http://dx.doi.org/10.1103/PhysRevLett.105.041301
http://dx.doi.org/10.1103/PhysRevLett.105.041301
http://dx.doi.org/10.1103/PhysRevLett.106.069901
http://dx.doi.org/10.1103/PhysRevLett.106.069901
http://dx.doi.org/10.1016/j.ppnp.2011.01.017
http://dx.doi.org/10.1016/j.ppnp.2011.01.017
http://dx.doi.org/10.1016/0550-3213(85)90021-5
http://dx.doi.org/10.1016/0370-2693(85)91319-X
http://dx.doi.org/10.1103/RevModPhys.76.1
http://dx.doi.org/10.1016/j.physrep.2011.03.001
http://dx.doi.org/10.1007/s00159-013-0062-7
http://dx.doi.org/10.1007/s00159-013-0062-7
http://dx.doi.org/10.1142/S0217751X14300476
http://arXiv.org/abs/1109.1654
http://arXiv.org/abs/1109.1654
http://dx.doi.org/10.1016/j.nuclphysa.2013.01.040
http://dx.doi.org/10.1051/epjconf/20159010003
http://dx.doi.org/10.1051/epjconf/20125201009
http://dx.doi.org/10.1134/S1063778812050122
http://dx.doi.org/10.1134/S1063778812050122
http://dx.doi.org/10.5506/APhysPolB.43.731
http://dx.doi.org/10.5506/APhysPolB.43.731
http://arXiv.org/abs/1502.02730
http://dx.doi.org/10.1088/1742-6596/509/1/012014
http://dx.doi.org/10.1088/1742-6596/509/1/012014
http://dx.doi.org/10.1103/PhysRevD.91.083502
http://dx.doi.org/10.1103/PhysRevD.91.083502
http://dx.doi.org/10.1016/j.nuclphysa.2015.02.004
http://dx.doi.org/10.1142/S0218301315300076
http://dx.doi.org/10.1142/S0218301315300076
http://dx.doi.org/10.1088/0264-9381/32/12/124010
http://dx.doi.org/10.1088/0264-9381/32/12/124010
http://dx.doi.org/10.1016/j.ppnp.2012.09.002
http://dx.doi.org/10.1016/j.ppnp.2012.09.002
http://dx.doi.org/10.1016/j.ppnp.2013.11.001
http://dx.doi.org/10.1016/j.nuclphysb.2014.12.028
http://dx.doi.org/10.1016/j.nuclphysb.2015.03.019
http://dx.doi.org/10.1016/j.nuclphysb.2015.03.019
http://dx.doi.org/10.1103/PhysRevLett.113.092301
http://dx.doi.org/10.1103/PhysRevLett.113.092301
http://arXiv.org/abs/1410.2559
http://dx.doi.org/10.1088/1742-6596/623/1/012027
http://dx.doi.org/10.1088/1742-6596/623/1/012027
http://dx.doi.org/10.1103/PhysRevD.78.114503

BRETT MCINNES

[45] Z. Fodor and S. Katz, Critical point of QCD at finite T and
mu, lattice results for physical quark masses, J. High Energy
Phys. 04 (2004) 050.

[46] R.D. de Souza, T. Koide, and T. Kodama, Hydrodynamic
approaches in relativistic heavy ion reactions, Prog. Part.
Nucl. Phys. 86, 35 (2016).

[47] R.D. Pisarski and F. Wilczek, Remarks on the chiral phase
transition in chromodynamics, Phys. Rev. D 29, 338 (1984).

[48] O. Kaczmarek, F. Karsch, E. Laermann, C. Miao, S.
Mukherjee, P. Petreczky, C. Schmidt, W. Soeldner, and
W. Unger, The phase boundary for the chiral transition in
(2 + D)-flavor QCD at small values of the chemical poten-
tial, Phys. Rev. D 83, 014504 (2011).

[49] P. Cea and L. Cosmai, Alessandro Papa Critical line of 2 + 1
flavor QCD, Phys. Rev. D 89, 074512 (2014).

[50] C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, and F.
Sanfilippo, Curvature of the chiral pseudocritical line in
QCD, Phys. Rev. D 90, 114025 (2014).

[51] C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, and F.
Sanfilippo, Curvature of the chiral pseudocritical line in
QCD: Continuum extrapolated results, Phys. Rev. D 92,
054503 (2015).

[52] R. Bellwied, S. Borsanyi, Z. Fodor, J. Giinther, S. D. Katz,
C. Ratti, and K. K. Szabo, The QCD phase diagram from
analytic continuation, Phys. Lett. B 751, 559 (2015).

[53] A. Bazavov, H.-T. Ding, P. Hegde, O. Kaczmarek, F.
Karsch, E. Laermann, S. Mukherjee, H. Ohno, P. Petreczky,
C. Schmidt, S. Sharma, W. Soeldner, and M. Wagner, The
curvature of the freeze-out line in heavy ion collisions, Phys.
Rev. D 93, 014512 (2016).

PHYSICAL REVIEW D 93, 043544 (2016)

[54] J.P.S. Lemos, Three dimensional black holes and cylin-
drical general relativity, Phys. Lett. B 353, 46 (1995); R. B.
Mann, Pair production of topological anti-de Sitter black
holes, Classical Quantum Gravity 14, L109 (1997); R.-G.
Cai and Y.-Z. Zhang, Black plane solutions in four-
dimensional spacetimes, Phys. Rev. D 54, 4891 (1996);
D. Birmingham, Topological black holes in anti-de Sitter
space, Classical Quantum Gravity 16, 1197 (1999).

[55] M. M. Caldarelli, O.J. C. Dias, and D. Klemm, Dyonic AdS
black holes from magnetohydrodynamics, J. High Energy
Phys. 03 (2009) 025.

[56] S. A. Hartnoll and P. Kovtun, Hall conductivity from dyonic
black holes, Phys. Rev. D 76, 066001 (2007).

[57] F. Ferrar and A. Rovai, Holography, probe branes and
isoperimetric inequalities, Phys. Lett. B 747, 212 (2015).

[58] N. Seiberg and E. Witten, The D1/D5 System and Singular
CFT, J. High Energy Phys. 04 (1999) 017.

[59] J. Maldacena and L. Maoz, Wormholes in AdS, J. High
Energy Phys. 02 (2004) 053.

[60] M. Kleban, M. Porrati, and R. Rabadan, Stability in
Asymptotically AdS Spaces, J. High Energy Phys. 08
(2005) 016.

[61] J.L.F. Barbon and J. Martinez-Magan, Spontaneous frag-
mentation of topological black holes, J. High Energy Phys.
08 (2010) 031.

[62] B. McInnes and Y. C. Ong, When is holography consistent?,
Nucl. Phys. B898, 197 (2015).

[63] A.Karch, Recent progress in applying gauge/gravity duality
to quark-gluon plasma physics, AIP Conf. Proc. 1441, 95
(2012).

043544-8


http://dx.doi.org/10.1088/1126-6708/2004/04/050
http://dx.doi.org/10.1088/1126-6708/2004/04/050
http://dx.doi.org/10.1016/j.ppnp.2015.09.002
http://dx.doi.org/10.1016/j.ppnp.2015.09.002
http://dx.doi.org/10.1103/PhysRevD.29.338
http://dx.doi.org/10.1103/PhysRevD.83.014504
http://dx.doi.org/10.1103/PhysRevD.89.074512
http://dx.doi.org/10.1103/PhysRevD.90.114025
http://dx.doi.org/10.1103/PhysRevD.92.054503
http://dx.doi.org/10.1103/PhysRevD.92.054503
http://dx.doi.org/10.1016/j.physletb.2015.11.011
http://dx.doi.org/10.1103/PhysRevD.93.014512
http://dx.doi.org/10.1103/PhysRevD.93.014512
http://dx.doi.org/10.1016/0370-2693(95)00533-Q
http://dx.doi.org/10.1088/0264-9381/14/5/007
http://dx.doi.org/10.1103/PhysRevD.54.4891
http://dx.doi.org/10.1088/0264-9381/16/4/009
http://dx.doi.org/10.1088/1126-6708/2009/03/025
http://dx.doi.org/10.1088/1126-6708/2009/03/025
http://dx.doi.org/10.1103/PhysRevD.76.066001
http://dx.doi.org/10.1016/j.physletb.2015.06.004
http://dx.doi.org/10.1088/1126-6708/1999/04/017
http://dx.doi.org/10.1088/1126-6708/2004/02/053
http://dx.doi.org/10.1088/1126-6708/2004/02/053
http://dx.doi.org/10.1088/1126-6708/2005/08/016
http://dx.doi.org/10.1088/1126-6708/2005/08/016
http://dx.doi.org/10.1007/JHEP08(2010)031
http://dx.doi.org/10.1007/JHEP08(2010)031
http://dx.doi.org/10.1016/j.nuclphysb.2015.07.001
http://dx.doi.org/10.1063/1.3700486
http://dx.doi.org/10.1063/1.3700486

