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ABSTRACT
Andrew Steinmetz'*, Cheng Tao Yang'®, and Johann Rafelski

We offer a survey of the matter-antimatter evolution within the primordial Universe. While the

Department of Physics, The University of Arizona, Tucson, AZ 85721, USA origin of the tiny matter-antimatter asymmetry has remained one of the big questions in modern
cosmology, antimatter itself has played a large role for much of the Universe’s early history. In our

study of the evolution of the Universe we adopt the position of the standard model A-CDM Universe

implementing the known baryonic asymmetry. We present the composition of the Universe across

its temperature history while emphasizing the epochs where antimatter content is essential to our

June 5, 2023 understanding. Special topics we address include the heavy quarks in quark-gluon plasma (QGP),

the creation of matter from QGP, the free-streaming of the neutrinos, the vanishing of the muons,

the magnetism in the electron-positron cosmos, and a better understanding of the environment of

ABSTRACT the Big Bang Nucleosynthesis (BBN) producing the light elements. We suggest but do not explore
further that the methods used in exploring the early Universe may also provide new insights in the
We explore in the temperature range 200 keV > T > 20 keV the primordial Universe magnetization study‘ot exotic sicllar cores, magnctars; a8 well as gamma-ray busst (GRB) cveats, We describe

future investigations required in pushing known physics to its extremes in the unique laboratory of

driven by spin paramagnetism of the ultra dense electron-positron plasma. The e*e™ pair density the matter-antimatter early Universe.

was more than 10® greater than the baryon density. Pairs fully disappear only below T' = 20 keV.
Keywords Particles, Plasmas and Electromagnetic Fields in Cosmology - Quarks to Cosmos

Keywords early universe cosmology - magnetization - electron-positron plasma - intergalactic magnetic fields aI’XIV2305 09055

(To be submitted to arXiv in coming days!) (Submitted to MDPI Universe for Remo Ruffini Festschrift)



FLRW scale factor
Magnetic flux is conserved

over a comoving surface HOE20

Cosmic relic magnetism | — Pre-CMB signal?
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The upper and lower bounds on inter-galactic magnetic




FLRW scale factor  cogmic relic magnetism 11 — Pre-CMB signal?

Magnetic flux is conserved
ver moving surface : :
Overa comoving The temperature also decreases over cosmic expansion as

2
L(t)? = L3 &)2 a(toy)? Magnetic fields present in cosmic voids would
a(toy) T(t) =Ty a(t)? be “uncontaminated” primordial relics.
The magnetic field then
dilutes over time as

This lets us define a conserved cosmic “magnetic scale” for charged particles

B(t) = B, a(to)? )= eB(t) _ e_BZO _ o In natural units:
a(t)? T(t)* Tg (h=c=kg=1)
- —I\&)\ Contemporary B-fields Contemporary temperature
1 | 100 T>B,>10"2T Ty =2.7K (23 x 107%eV)
: Upper: Faraday rotation of radio AGN As_ determined from the Cosmic
< Lower: Spectra of “blazar” AGN Microwave Background (CMB)
BO/’ Thus b, controls the strength of the magnetization
,/ P {011 of the primordial electron-positron plasma.
/, = Do > Note: B-field grows with temperature.



Why electron-positron epoch and cosmic magnetism? Electron-positron pair abundance

10
Prior to electron-positron annihilation, there 18

net /np = 447 X 108

was almost a 450 million e*e™ pairs per baryon :
T =m, \

n, + : €

e _ 447 % 108 T > 511keV |

npg

| T = 20.3keV

This was the density prior to Big Bang by 10°} :
nucleosynthesis (BBN) (occurring in range iy y+yeet+e
T = 70 — 40 keV). After annihilation this, < B\
the universe was left with

Mo _ogr o iR /nn =08 e/

(g . :

. | . ' Net [Np |
determined by the charge neutrality of the universe L L
and baryon asymmetry. Slight deviation from unity 102 10’
T [keV]

due to bound neutrons. Ratin of magnetic moments
g-factor

|l g+ | }&@ - 633

Iyl gp me magnetized (and may be responsible for cosmic magnetism).

We propose that this dense matter-antimatter plasma was highly



First principles derivation of high temperature ratio — |

Using the charge neutrality of the universe, we
can write the baryon density as a function of the
charged lepton asymmetry.

p _ (M
(ne— — Tle+) — Tlp - (E) Npg X, = <g>

The charged lepton asymmetry is written as

E
T}
1 Jdln Ze+e_
(Tle— —Tle+) =V EY)

The working equation for ~ Fugacity

lepton-to-baryon ratio is then
n

)
e
S
—HQ.)
=

InZ = z 1n[1+/1exp—

States

Partition

Function
10

A=exp%

_|_
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(a) Density grows far faster than temperature.

107

10° b

10°

T =m, | T = 20.3keV
y+yeet+e
e 200,08 N T /TP
_ hne/ns
10° 10° 10’
T [keV]

Contrary to the traditional case, magnetization will increase at
‘ higher temperatures. How? — Stay tuned for next slides!

(b) B-field grows with temperature.




First principles derivation of high temperature ratio — 11

Yang, Cheng Tao, and Johann
The fugacity can be determined by entropy conservation and baryon asymmetry Rafelski. "Cosmological

- strangeness abundance." Physics
ng = ( "B > ~ < "B ) (n_B) = (0.856 + 0.008) x 10710 Letters B 827 (2022): 136944.
to

Sy}v}e"‘e_ S

2m? 7 (T, (Pete= + Pete=) U
Syvete :ETB (g]/+gv8<T) >+ ala Ty — y(ne e"')

Y, v entropy et e~ entropy

Putting 1t all together, our working equation is... Degrees of freedom:

-1
Tli:X aaneJ_r 0lnze+e— gy=2 gv=2><3=6
ng Pl o2 oA
The fugacity and thus chemical potential is numerically evaluated. A =exp H
Thanks to Cheng Tao teaching me this derivation! r
1 0InZy+,- nB) 2m% . 3 7 (T, (Pote- + Poto-) w1 _9InZ,+
v aa _Xp(s t0<45 ) \9r +ovg T,) " T, T, v’ T



Statistical properties of the electron-positron gas — |
Let us look at the magnetized fermion partition function to describe the e*e™ gas. Quantum energy

2eBV eigenvalues (next slide)
InZ,+,- = (Zn)ZZZZJ dpzlln[1+/1655exp _on \ B BR

FugaCIty “Spln” Fugac1ty
We sum over particles and antiparticles (o), spin polarizations (s), and Landau f

orbital levels (n). In principle we could include other particles if needed: baryons,
neutrinos, etc...

We also introduce the following two kinds of fugacity The “spin” fugacity rePrejSentS an
Imbalance of spins within the gas and
- : Ho IS constrained by conservation of
a. Chemical Fugacity: ] = eXxp— =mp | = [| .— = — y
S g p T H=He Het angular momentum.

b. Spin Fugacity: E = exp& —) g = €+ A value of E_ * 1 indicates anguiar
T momentum in other species, orbital
motion, or a locally polarized domain.

We will return to & at the end!

|
I
\I’W

Generalized A, + &,
Fugacity TS = 1,8, = exp—2 T




Statistical properties of the electron-positron gas — |1

2qBV E;
InZ,+,- :(Zn)ZZZZJ dp, |[In]|1 + A, exp >ra

e —~
s n=0 ~ B = Bk
. . . N,
The KIgm-Gordo_n-PauIl (_KGP) energy eigenvalues of the P r\\
magnetized fermion are given by £ ~
+ 2 -9 \\\ T />
E-(p,,B) = |m5+pé+eB|2n+1+= ~ ’
2 N7
We can rearrange into a more convenient form \ v
Eur. Phys. J. A.(Q(.]19) 55: 40 THE EUROPEAN
i > pZZ ZeB DOI 10.1140/epja/i2019-12715-5 PHYSICAL JOURNAL A
E n (pZ ) B) — mi 1 + 2 + 2 Regular Article — Theoretical Physics
m$  m%
V T T

) 2 _g Magnetic dipole moment in relativistic quantum mechanics

mi =mz; +eB|1+ >
Andrew Steinmetz?®, Martin Formanek®, and Johann Rafelski

This effective “polarized mass” bundles the Department of Physics, The University of Arizona, Tucson, AZ, 85721, USA
Spln and the Landau ground State Wthh |S geﬁivled:lfl ]:;ecetgbeiIQOl}Sl éOijised: 27 January 2019

- = . . ublished online: 26 Marc 19
u Itl mately responSI ble for the mag netlzatlon . (© Societa Italiana di Fisica / Springer-Verlag GmbH Germany, part of Springer Nature, 2019

Communicated by T. Biro



Euler-Maclaurin integration of the partition function — |
for |x| < 1

InZ,+,- = ?;I:[B;ZZ Zf dp, [ln [1 + A, exp (_ _)” & (1+x)= Z( 1)k+1

Log replacement

We can replace the sum over Landau orbitals with an integral using the Euler-Maclaurin formula

Remainder Error

b v
b
z )—j f(n)dn +f( )+f(a) +Z(2])l[f(2] D(p) — f(ZJ 1)(a)] + Rla, b, j]

Note that B, ; are Bernoulli numbers. In general, R[a, b, j] is nonzero. We do not return to its size here.
We obtain a partition function (j = 1) with the form

InZ,+,- =InZgppe +InZp + InZp



Euler-Maclaurin integration of the partition function — 11

More explicitly, our partition function (with In Z truncated) has the structure  Basse| functions of
/ the second kind

T3V t @ (_1)k+1 ku
InZfree = —Z [2 cosh ?] k?x2K,(x;)

212 k4
s k
+ oo
T3V (—1)kH1 kul|kxsbg kb3
InZz = Z—nzz 2 2 cosh - > K, (kx,) + T Ko(kx)
s k
The first portion is a “free”” Fermi gas partition function, however as it
depends on x, the spin magnetic response still manifests. It turns out this e mz
will be the dominant term in most phenomenon. Xy = Ti — TZ + 2b, (1 + =
\

We write a combined form in Boltzmann approximation (k = 1; T > m,)

7

_|_
3y b,
xSKl(xs) T 12 Ko(xs)

T by
InZ,+,- = 27722[2 cosh ] 2Ky (x5) + — >




1073 > b, > 10711

Evaluation of the chemical potential

The chemical potential of the partition function is 102 —
controlled by the charge neutrality condition which i
connects the number density of excess electrons in the 10°F
universe to the proton density. E
102}
1 Oln Ze+e_ !
Ny, = MNg- — N+ == A I
p V4 o X 107F
!
1 , ) i 10 GT
V u m°n b, by i
h xZK,(xs) + - *sKi (x5) + 17 Ko (x5) 10°}
. ]
Dominant for the ranges 1ol .
. 3
of by considered k8

The chemical potential resembles the free Fermi case as the magnetic response
only becomes significant at unrealistically large external field strengths.

10°

T [keV]

10"

12



Magnetization of the electron-positron gas

Warning: Because we’re using the Boltzmann approximation, the high temperature behavior is uncertain. A more
complete analysis is required. Magnetization as a derivative is sensitive to corrections.
10°

T o T (0by\ O 107°F
=——InZ,+,- == InZ,+,- i

n e
V\aB ) ab, -~
The magnetization can be written as a derivative of :
the cosmic magnetic scale. We define dimensionless = 1075f
magnetization based on critical field strength. |

1020F
Mzﬁ B =m—§=441><109T
Bc “ 7 e ' 1025}
Finally, what we were after! 107901
2 2
- q T % 1 bo
M_|_ = pm—ggcos}l T [§$+K1(CL‘+) + gKO(-/E—I—):|
2 2 2 2
— = = — — =z — =—= | +2b|1F3
M _ e cosh 7 [(2 + lQmQ_) v Ki(z_)+ 3 Ko(z_) X+ T T2 0 2 .



Hot magnetization: (a) Density rise overwhelms temperature

Warning: Because we’re using the Boltzmann approximation, the high temperature behavior is uncertain. A more
complete analysis is required. Magnetization as a derivative is sensitive to corrections.

As promised, we can demonstrate why the magnetization increases with temperature by fixing the magnetic field
to a constant value. Without the increasing magnetic field, the magnetization rise with temperature is shown to be

dominated by the huge increase in pair density.

0
10°7 0
t ---------------------------------------- B(l)() e 10*3)
105 TS s e 10°
[B(bo. = 107216/ T)°) " S
10-10'_ __________ 10
s | S g
E 10
1015} '
' M(by = 1073 (Ty/T)2) ' -
1020 =9 4 B
' 10
= 1073T, = 1073(10 keV)
10725 | | JRTS
10° 10° 10’
T [keV]

10°

102

T [keV]

10’
14



Hot magnetization: (b) Average moment-per-lepton

Warning: Because we’re using the Boltzmann approximation, the high temperature behavior is uncertain. A more
complete analysis is required. Magnetization as a derivative is sensitive to corrections.

The second reason for “hot magnetization” is that the magnetic scale by ensures the magnetic strength B rises in
the past with the temperature. Show this more clearly, we define the average magnetization-per-lepton with or

without the rising field: : L .
out the rising field e M Without the rising field, the magnetization is suppressed
" Ng+ + n,- athighertemperatures, as traditionally expected.
gRIOE ' o 10
T /L;:oltzmann RN | 8, “Boltzmann ™

|/ approximation «

: . \
W approximation 3

4

S}
-~
Bl

3_

2rTy = 10 keV Ty = 10 keV

"Tg=2 bo = 1011 {2 g="2 bo = 1079 (

0 diiiiE o | diiiiE g

103 103




Spin potential (fugacity) and possible cosmic ferromagnetism

Up to this point, we’ve neglected the spin potential we originally introduced. As an interesting aside, let us
determined the magnetization of the electron-positron gas with zero external fields by = 0 and § # 1.

2 T2
lim M = ——SIHhECOSh— [

bo—0 7T2 m2 T T

v ()] eoe

This has a “ferromagnetic” character as the magnetization in non-vanishing in zero external fields. As hyperbolic-
sine is odd, the sign of the spin potential i controls the directionality of magnetization along a preferred axis.

Still in progress tidbit you’ll have to wait for the publication to read: Certain domains of self-
magnetization controlled by n are suspiciously near the upper bound of the cosmic magnetic field strength.

> 1011
10740 T




We ve demonstrated the followmg features of the magnetlzed electron posrtron gas.
w ‘We’ve cast the fermion part1t1on functlon such that the spm magnet1zat1on 18 d1rect1y
P @(pressed in the mass via m S AR s B o .

o BT S
fla p

--------
= &
L et L ¥

grow in the past.
'» There is the pOSSIbIlIty of self-magnetization when spin fugacity is introduced. chh

work here is still needed. Rﬁaﬂ)ﬁ yoll St & attentlon:!

P T STy
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