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Boltzmann Equations

« Equation of motion for classical phase space density

1S = T

+ Collision term imported from QFT in vacuum

TS = _1/( 9. d’p, )( g d°p, ) ( g, d°p,, )( g, d’p, )
2 \@2n)? 2w,/ \@2n) 2w,/ T\ (2n)? 2w,/ \(27)° 2w,/
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Shortcomings of Boltzmann Equations

o picture the early universe as a series of collider events
« Often works well.... but misses a few crucial aspects:

wia— Hp? | f, = T[{;}

 coherence and decoherence

« quantum statistical effects on internal propagators
« screening of particles into quasiparticles

» collective excitations of the plasma

« multiple coherent scatterings

« non-perturbative etfects

 “first principles” description makes sure we do not miss these
« At the same time: Need equations that are simple enough for parameter space scans
= Quantum Kinetic Theory to make predictions for accelerator experiments



Shortcomings of Boltzmann Equations

« Some of the shortcomings can be overcome with density matrix equations

0,0 — pHO,p = —i[H, p] + Z[p]

Tlp| = %((1 — )" —pI”) + e

¢ In the early universe we in addition need the the continuity equation

dptut
dit

+ 3H (ptot + Piot) = 0,

« And of course the Friedmann equation

H* = ptﬂt/(SM;?l)



Quantitative Description

Full information about quantum statistical system contained in von Neumann
density operator, with equation of motion

Q — _i[Ha Q]

Equivalently: consider infinite tower of n-point functions with expectation values

(o) = Tr(e- )
in practice usually one- and two-point functions are sufficient

Expressing all observables in terms of correlation functions avoids semi-classical
assumptions or reference to asymptotic states

Equations of motion obtained from 2PI effective action in the Schwinger-Keldysh
formalism (e.g. Kadanoff-Baym equations); usually non-Markovian and not suitable
for parameter scans

Obtain effective quantum kinetic equations suitable for numerics in a series of
controlled approximations adapted to the problem under consideration (gradient
expansion in Wigner space, loop truncation, quasiparticle approximation... )



Literature

Equilibrium and Nonequilibrium Formalisms Made Unified

Kuang-chao Chou (Beijing, Inst. Theor. Phys.), Zhao-bin Su (Beijing, Inst. Theor. Phys.), Bai-lin
Hao (Beijing, Inst. Theor. Phys.), Lu Yu (Beijing, Inst. Theor. Phys.) (Jun, 1984)

Published in: Phys.Rept. 118 (1985) 1-131

Introduction to nonequilibrium quantum field theory

Juergen Berges (Heidelberg U.) (Sep, 2004)

Published in: AIP Conf.Proc. 739 (2004) 1, 3-62 « Contribution to: 9th Hadron Physics and 7th
Relativistic Aspects of Nuclear Physics (HADRON-RANP 2004): A Joint Meeting on QCD and QGP, 3-62
« e-Print: hep-ph/0409233 [hep-ph]

Why is there more matter than antimatter? Calculational methods for

leptogenesis and electroweak baryogenesis
Bjorn Garbrecht (Munich, Tech. U.) (Dec 6, 2018)
Published in: Prog.Part.Nucl.Phys. 110 (2020) 103727 = e-Print: 1812.02651 [hep-ph]






£ = %

L) = —%[% V(1 —7s5)

Lye = ?/5[1/& V(1 = 75) Vo)
L = %3"‘@8{,@ — %m

2@2

O

Q¢




Correlation Functions

» One point function (“condensate”) ~ classical field 5 ( gg) — ((P ( x) )

« Two independent two-point functions, A}(:El?xQ) — <@(Tl)@($2)> o 9‘9(5{;1)(10(:1:2)

e.g. the Wightman functions A{:(Ih 332) — (@(Tz)@(-ﬂl)) — (,0(;131)99(.1?2)



Correlation Functions

« One point function (“condensate”) ~ classical field ", ( ;g) = ((P ( x) )
« Two independent two-point functions, A~ (:El ’ 372) — <@(T1 ) ¢ (372 ) > — @ (:‘Ul )(1‘9 (‘EQ)

e.g. the Wightman functions A{(Ilj 332) — (@(Tz)@(l:l)) — (,0(;131)90(172)

« Time-ordered (Feynman) propagator

AF(:’EI:I ;UZ) - Q(tl o t2)A>(ml:' 332) + (9('1,[2}) .ﬁE?)A<(ﬂ?1, ;UZ)
« Anti-time-ordered propagator

AF(:L’L,LUQ) — 9(t1 — t2)A<(mlax2) + 9(”1;3; E?)A>(ﬂ?1,$2)

« Advanced propagator iAA(SUl} ;132) — —Q(fg — tl)ﬂ_($1, 35‘2:
« Retarded propagator iAR({L‘b SEQ) — Q(tl — tQ)A_(ZEl} 51?2)
« Spectral function A_(fﬂ'l? 5172) — i(A}(fEl? 372) — A{(fﬂla «LQ))

« Statistical propagator AT ( X, ;_(;2) —



Correlation Functions

» One point function (“condensate”) ~ classical field (o ( ;,{;) — ((P ( x))
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(defines spectrum of quasiparticles)

1
o Statistical propagator AT ( X, ;_(;2) —
(generalised occupation numbers) 2



Correlation Functions

« One point function (“condensate”) ~ classical field W, ( ;g) = (gp ( x))
« Two independent two-point functions, A~ (:El ’ 3?2) — <@(:’B1 ) ¢ (372 ) > o 9‘9(:‘{;1 )(10(:1:2)

o the Wihimenfuncton A%(1,5) = (0(z:)(31)) — 1) ()
e Time-ordered (Feynman) propagator

AF(‘,’EI:I :EZ) - Q(tl o t?)A>(xlv 332) + 9('1’[2}& SE?)A<(£11 ;UZ)
» Anti-time-ordered propagator

AF(Q:l, LUQ) — Q(tl _ t2)A<(ﬁ'f1, 332) + 9(”1;[2}1 m{i-))A}(‘f;Elﬁl $2)

« Advanced propagator iAA(SUl} ;132) — —Q(tQ — tl)A_(xla 35‘2:
« Retarded propagator iAR({El, 352) — Q(tl — tg)A_(ZEl} 5132)
« Spectral function A_(fﬂ'l; 552) — i(A}(lel: 552) — A{(fﬂla «LQ))

« Statistical propagator AT ( X, ;_(;2) —



Closed Time Path Formalism

« Want to solve initial value problems, i.e., impose boundary conditions at given time
« S-matrix with projection on asymptotic states in infinite past/future nut ideal tool
« Define correlation functions on “closed time path” (CTP)
tg — 0O
f
t; =0 >
: o I W
S

Ret




Closed Time Path Formalism

« Want to solve initial value problems, i.e., impose boundary conditions at given time

« S-matrix with projection on asymptotic states in infinite past/future nut ideal tool
« Define correlation functions on “closed time path” (CTP)

=0 > \tf_?oo C=C.uUcC
. " Ret . —

The following are all basically the same thing;:
 Closed time-path formalism

« Schwinger-Keldysh formalism

e In-in formalism

 Real-time formalism (in equilibrium, as opposed to imaginary-time formalism)



Closed Time Path Formalism

Want to solve initial value problems, i.e., impose boundary conditions at given time
S-matrix with projection on asymptotic states in infinite past/future nut ideal tool
Define correlation functions on “closed time path” (CTP)

=0 > \tf_mo C=C.uUcC
. " Ret . —

Define propagator on the contour

AC(:’EI:I $2) — (chf)(Tl)@(J;Q» — QC(I{IJa ;U[Z})A}(mla TZ) + QC(:E[Q}J I[1})A<:('CE1:I $2)



Closed Time Path Formalism

Want to solve initial value problems, i.e., impose boundary conditions at given time

S-matrix with projection on asymptotic states in infinite past/future nut ideal tool

Define correlation functions on “closed time path” (CTP)

to=0 > ‘\tf_?oo C=C.uUcC
. " Ret . —

Define propagator on the contour
AC(II:I :EQ) - <TC¢)(T1)¢(‘E2)> — QC(:’U{IJa ”Lg)A}(Tl TZ) + QC(‘E(Q} :E[l})A{('rlﬂ :’EQ)

« Formally consider field with time argument on the “forward” and “backward” parts of the

contour like different fields @ 4 Time argument on forward branch

@  Time argument on backwards branch

« Promotes propagator to a matrix

(Grefmsd ) - (oo S

s



Perturbation Theory

s

A (wy,09) Ay (w1,29) | _ AV (g, m5) A% (y,75)
A

A—-I-(CE]: 132)

__(9313322) N A}(Zﬁ]jﬁjg) A

('Il ) 332)

 Action is local, hence vertices either only connect “+”-fields or “-”-fields

‘1”77

e Therefore vertices are either “+” or “-

 But fields can propagate into each other via off-diagonal proparators

Feynman rules

i)
i)

iii

iv)

Draw all diagrams as you would in standard QFT.
Associate all external ends of propagators with the Keldysh index +.

Internal vertices can be of either type, + or —. Sum over all over all combinatorical
possibilities. The vertices represent the same expressions as they would in standard
QFT, but include an overall factor —1 for each —-type vertex.

Connect the vertices with the appropriate propagators. The Feynman propagator Ap
always connects to +-type vertices, Az always connects to —type vertices, but AS
connects a +-type vertex to a —type one (and A~ vice versa).

Integrate over all internal positions as usual.



Equations of Motion

« Schwinger-Dyson equation on the contour

(01 + Miyee(a ) )Ac (1, T2) + ./;d Hc(ﬂh )AC(L T9) = —i0c(T — T3)

« Tree-level mass is defined via inverse classical propagator

IG;I[@](QTH 5'32) — _( _|_ Mtzrm)éC(:El _ 1:2):

. ~—1 58 D]
iG [(:9] (331: 552) 5B (z,)0P () ‘r;{’—:np
« Split self-energy up according to time argument

ffc(ﬂ:] . iI:Q) — —il’jlnc(ﬂ:l) 6($1 — $2)C + Qc(fﬂ?j Ig)jf}(ﬁf] . 1132) —I_ Hc(fﬂg? ﬂ??)l’J’{(ﬂ:] . ﬁ:g) y

e Define the effective mass

M? = M2, + IT°°.



Equations of Motion

« Schwinger-Dyson equation on the contour

(01 + Miyee(a ) )Ac (1, T2) + ./;d Hc(ﬂh )AC(L T9) = —i0c(T — T3)

« Tree-level mass is defined via inverse classical propagator
i(};l[W](:’Ul:mﬂ) — _( + Mtzrm)éC(:El _1:2): T
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e Define the effective mass

M? = M2, + IT°°.




Equations of Motion

« Schwinger-Dyson equation on the contour

(

1T Mtree(m)2)AC(Ih$2) T /dﬁlfﬂfﬂc(fﬂlﬁf?")ﬂc(fﬂf?-’52) = —i0¢ (7 — T3)
Jc

« Consider for instance +- propagator

o0 —

(O) + M(21)") Ay (21, 75) + / d'a' 1T, (z1,2") Ay (2, z,) ‘|‘/ d'a' I, _(zy,2")A__(2', )

— X0

o0
(00, + M(:El)Z)AJF_(J:U To) / dél:f;’HJﬁL(:J;],:I:”)AJr_(:E’:. To) — / d4:ﬂfﬂ+_(:ﬂl,J:")A__(:I:", Ty) =0

« Kadanoff-Baym Equations

i +JL12)A<($15552)
( 1—|—M2)A}(x1}$2)

[d*2' (—I, (z1,2")AS(2', 2y) + IT<(zy,2")A__ (2", 25))
f d4$’(—ﬂr}(:§1j $’)A++(:I:’, To) + I __(zq,2") A7 (2, x5))




Kadanoff-Baym Equations

« Kadanoft- Baym equations read
(O, + M)A (21, 25) = [d*2' (—I, (21,2 )AS(2", 29) + T (21, 2") A_
( 1 + M )A> 271 {:UQ — fd4 ! H:} fEl !)A_|__|_($Ij$2) + 1 ( )

(zia :EZ))

>(, 23))




Kadanoff-Baym Equations

« Kadanoft- Baym equations read
(O, + M)A (21, 25) = [d*2' (—I, (21,2 )AS(2", 29) + T (21, 2") A_
z')

—(ZE!:I:EQ))
(O, + M) A” (x4, x5) —fd4 (=17 (xq, ") A (2, 29) + TT__ (14 “(2', 29))

(0 + Aﬂ)A{(-ﬁh%) = = fd43?,(ni(371a$!)AA($!a$2) T HR(-’IJTM-’I?!)A%(Q?Z-’I?Q))




Kadanoff-Baym Equations

« Kadanoft- Baym equations read
L+ M )A< (T1,29) = fd4 (1T (21, 2) A% (27, 29) + T (21, 2" ) A__ (2, 7))
(L +M )A> (T1,29) = fd4 (=117 (21, 2") Ay (27, 39) + TT__(21,2") A7 (2, 75))

e Or

( 1 —f_ﬂfQ)A%(xleQ — _fd ( Tl: !)AA(:I:!&:EQ) _f_HR(Q:laxf)A%(mfﬂm‘z))

e Or
( |+ MQ)A (1, x) fd ( (rq1,x ")A%(:E’ T9) + U%(xle!)AH(LE:LUZ))
fd4 ! U:} 'le !)A ("L :ItLZ) H{:(l’lj )A:}('L "LQ))

1
§(A T AR)!

with AH —



Kadanoff-Baym Equations

« Kadanoft- Baym equations read

e Or

e Or
( |+ MQ)A (1, x) fd ( (rq1,x ")A%(:E’ T9) + U%(xle!)AH(LE:LUZ))
fd4 ! U:} "le )A<(”L ‘LZ) H{:(l’lj )A:}('L "LQ))

with AY = %(A —I—AR)
. or (O, + MHA (zq,z9) = /d3 "/ dt' T (zq,2")A™ (2, 25)

(O, + MHAT (z,z5) = /d3 ’/ dt' [T~ (z, 2" ) AT (2", x5)

-}-/dSX’/ dt’nJr(iUth’)A_(fE!?m?)
ti

1+ M )A< (21, 759) = fd4 ! I, (ry,2 )A{:(f’aﬁ) + H{(th)ﬂ——(ﬂ?!ai?z))
(O, + M) A™ (2y, 1) = [d*2' (=17 (2,2 )AL (2, 25) + IT__ (31, 2")A” (2, 25

( 1 T AJQ)A%(:}?I?'TQ o fd ( Tl: !)AA('T:!: 3:2) + HR(xlaxf)A%(mfﬂm‘z))



Kadanoff-Baym Equations

« Kadanoft- Baym equations read

(L + M )A} (%1, ) —fd4 (=17 (g, 2") Ay (2, o) + TT__ (2, 2") A7 (2, 2

e Or

( 1+M2)A (21, x5) fd ( (rq1,x ")A%(:f:’ $2)+H%($13TI)AH($’,$2))
fd4 ! U:} *Lln )A{(”L ‘LQ) H{:(l’lj )A:}(LL ‘LQ))

with AY = %(A + A%,
. or (O, + MHA (zq,z9) = /d3 "/ dt'IT™ (zq,2")A™ (2", zy)

(O, + MHAT (z,z5) = /d‘3 "/ dt' [T~ (z, 2" ) AT (2", x5)

+/d3x"/ dt' T (zq, 2 A (2, )
t

(O, + M)A (zy,29) = fd4 (—II, (21,2 A (2, 2y) + [T (zy, 2" )A__ (2, 7))

( 1 T AJQ)A%(:EI:'TQ o fd ( Tl: !)AA(:I:!&:EZ) + HR(xlamf)A%(mfﬂm‘z))



Kadanoff-Baym Equations

« Kadanoft- Baym equations read

(L + M )A} (%1, ) —fd4 (=17 (g, 2") Ay (2, o) + TT__ (2, 2") A7 (2, 2

e Or

e Or
( |+ ]\/[2)A (1, x) fd ( (21, ")A%(:E’ T9) + U%(mle’)AH(;U’,;Ug))
92 fd/l ! U>(”Lln )A<(”L ‘LZ) H{(l’la )A>(”L "{’2))

1
with A = §(A + AR)

« or (I:I1+M2)A (x1,25) = /d3 "/ dt' I (z1,2)A™ (2, z5)

(D1+M )A+ ZI:l,IQ — /d3 I/ dtﬂ fEl, A—I_(I: 332)

-|-/d3x‘_’/ dtfHJr(iﬁ;fE’)A_(mr?m?)
t;

(O, + M)A (zy,29) = fd4 (—II, (21,2 A (2, 2y) + [T (zy, 2" )A__ (2, 7))
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Thermal Equilibrium

e In equilibrium correlation functions only depend on the relative coordinates (it’s static,
homogeneous, isotropic)

« The von Neumann density matrix is P =c¢€



Thermal Equilibrium

In equilibrium correlation functions only depend on the relative coordinates, and Fourier

transform is well-defined (it’s static, homogeneous. isotropic)

The von Neumann density matrix is 0 = ,—B/T

-

Noticing that this is a time translation operator in imaginary time, we can establish

AS(t+i/T,x) = A7 (1, %),
And in momentum space

< L > = po/ T A>
A (p[];p) =4 (_p[]*p) — € o/ A (p[]:p)ﬁ
This implies the Kubo-Martin-Schwinger (KMS) relations

A(p) = fu(po)p(p) . A7 (p) = (1 + f5(po))p(p)
AT(p) =3+ fspo))p(p).

Explains the interpretation of the statistical propagator in terms of occupation numbers!



Thermal Equilibrium

e In equilibrium correlation functions only depend on the relative coordinates, and Fourier
transform is well-defined (it’s static, homogeneous, isotropic)

e The von Neumann density matrix is P =c¢€

 Noticing that this is a time translation operator in imaginary time, we can establish

AS(t+i/T,x) = A7 (1, %),
e And in momentum space

< L > = po/ T A>
A (p[];p) =4 (_p[]*p) — € o/ A (p[]:p)ﬁ
 This implies the Kubo-Martin-Schwinger (KMS) relations

A(p) = fu(po)p(p) . A7 (p) = (1 + f5(po))p(p)
AT(p) =3+ falpo))p(p).

« Explains the interpretation of the statistical propagator in terms of occupation numbers!
 Relations also allow to find all free propagators (since we already know the free spectral

function) p(p) = 2msign(py)d(p”> — m?)
Ay (p) = =1+ fa(lpol)270(p” —m®) A = (fa(lpol) + 0(=po))278(p” — m”)

- 2 S
p —m 1€

A_y = (fa(|pol) + 0(po))2m8(p* — m®) A__(p) = (A4 (D))’




Quasiparticles

+ In thermal equilibrium we can also find the full spectral function
—2ImIT"(p) + 2pye

po — Qp — Rell™(p)]” + ImIT"(p) — poe|”

« With the retarded self-energy

HR(.I'I:, LEQ) = Q(tl — tg)(ﬂr}(fﬂlj IEQ) — Hq:(fﬂlj Ig))

« Its poles determine the dispersion relations for quasiparticles in the plasma. Consider the pole ()

2, = Re 2, I, =2Tm ),

p(p) =

p



Quasiparticles

In thermal equilibrium we can also find the full spectral function
—2ImIT"(p) + 2pye
2 2 R 2 R 2°
po — Qp — Rell(p)]” + [ImII"*(p) — poe]
With the retarded self-energy
Re . ) — > (e <(.

11 (:lel *LQ) _ Q(fl o t?)(ﬂ ("Llu *I;Q) — 11 (“Elﬁ I2))

Its poles determine the dispersion relations for quasiparticles in the plasma. Consider the pole _(j
{2, = Re {2, I, =2Im {2,
We obtain the dispersion relation (real part of the refractive index) by solving
e —p° — M? —Rell™(p) =0,

Then obtain width (imaginary part of refractive index) from

z
I = — " ImII"®
P (Jp m (p) ’PD:Qp

Near the pole this gives Breit-Wigner approximation

21"y
(02 — 2,)" + (I'py)°

p(p) =

p

p(p) ~ Z



Matter Potential

L= 53"’@8‘,‘5@ —5m P° — E@

e A [ d'k
O 1 = 5/(2T)4‘4++(P)




Matter Potential

1 A
L = —8‘”’@3 D — Ern?@f'? — E@d

e A [ d'k d3k
O & 2/(24++ —) wakN T
7T Wk

Ay (p) = e+ falpo)2m0(* = m®) Ay = (f5(Ipol) + 0(—po)2mb(p* — m?)

A, = (Fullpol) + 6(po))275(p* — m?) A__(p)= (4 (p)

A A
M2 - 2 —T2
m -+ 2(,0 —+ 54



Mean Free Path

1 L 5.0 A4
ﬁzéﬁ”@(‘?ﬁ@—?n@ _E@

N[ drqd kd

A (q) Apa (k) Agp(1)o(p — g+ k —1).

m II,,(p) = —ab—
\_/

6 (27)”



Mean Free Path

1 1 2 £2 A 4
L= 56#@(‘3!;@ —5m P — E@

A2 [ diqdikd?

6 (27?)9 Aab(Q)Aba(k)Aab(l)d(p —q - e — Z)

m II,(p) = —ab—
\_/

| 1
] ImI7"(p) = 517 (p) = ngl(Po)H<(p)
LQp P:}:ﬂr:- : 1




Mean Free Path

1 L 5.0 A4
ﬁzéﬁ”@'@ﬂ@—?n@ _E@

N[ drqd kd

A{Lb(Q)AE}(L(;C)A(LB(Z)CS(I) —( + k— Z)

m II,,(p) = —ab—
\_/

6 (27)”

1

1 Z R e _ l —1 <
I, = _EIm 1% (p) - Im[T™(p) = 511" (p) = o= f5" (Po)1I™(p)
A\ drqd kd
=) = &= 2y A (q) A7 (k)AS(D)o(p — g+ k= 1)

N[ drqd*kd?
= 2 [ ST A () AT (k) AT ()3 (p — g+ k — 1)
6 (27)




Mean Free Path

1 A
L = —8‘”’@3 D — Ern?@f'? — 5@4

N[ drqd kd

CN ) = —ab 2 (0) Do) Ao (15(p =+  — 1)
\__/ |

0 (2m)’

1

1 Z R e _ l —1 <
I, = _EIm 1% (p) - Im[T™(p) = 511" (p) = o= f5" (Po)1I™(p)
A\ drqd kd
II~(p) = — — A (@) A7 (k) AS(D)o(p — g+ k = 1)
6 (27)
N[ diqd kd

= 5 o AS(Q)AS (=) AS()S(p — g+ k — 1)

A (p) = ==+ fa(lpo)273(p° = m”) Ay = (f5(Ipol) + 8(=po))2md(p° — m®)
A_y = (f5(Ipol) + 0(po))2md(p” — m”) A__(p) = (A4 ()

=
|

3

4
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Cutting Rules

N[ Pad’kd®l . 1
ImIT"(p) = = / q 27)*® (p+k+1—q)

6 (277')9 8wqwkﬂdl

<[+ £+ AIA+ F) = fafich)
(0(po — wg — wx — W
+(fq(1+ fi) (T + fi) = (1 + fo) fify)
(0(po + wq — Wi — Wy
(14 f) A+ f) = fo(1+ fi) fi)
(0(po — wgq + Wik — wy

+(fafk(L+ fi) = (T + f) (1 + fi) i)

— 0(po + wq + Wi +wy))
— 0(po — Wq + Wi +wy))

— 0(po + wq — Wi +wy))

_ﬂi T fllpo))27é(p” — m?) Ar_ = (fu(|po|) + 0(—po))2md(p° — m?)
2

= (f5(Ipol) + 0(po))276(p” — m”) A__(p)= (A (p)



Cutting Rules

N[ Pad’kd’l, g 1
ImIT"(p) = — / d 27)*® (p+k+1—q)

U 0 (27r)9 S Wiy
o <[+ £+ AIA+ F) = fafich)
Decay an inverse decay (5(190 — Wq — Wk — W 5(290 T Wq T Wk T+ E"}1))

+(fq(1+ fi)(X+ fi) = (1 + fo) f i)
(0(pg + wq — Wi — Wy

Various scatterings _I_((l T fq)fk(l + fl) fq( + fk)fl)
(0(Po — wq + wic — Wy
>< +(fqk(L+ fi) = T+ )1+ fi) i)

— (P — Wq + Wi +wy))

— 0(pg + wq — wi +wy))

Ay i(p) = 0 + fa(lpol)2md(p” —m®) Ay = (Fa(Ipol) + 0(—po))27d(p” — m”)
2

Ay = (f5(Ipol) + 0(po))2m8(p” — m”) A__(p)= (A ()



Fermions

« Define Wightman functions as

isiﬂ(IhIE) = <@m(I1)@B(I2)> a 1355(371:552) = —(¥Yp(72)¥ (1))

« From those obtain retarded and advanced functions

157 (xzy, To) = 20(t, — t3)S (21, x9),

iS4y, o) = —20(ty —t1)S (1, x5),

S (w1, 25) = %(Sﬂ(ﬂ?lamz) T Sﬂ(mla-’f?z)) = —isign(t; —3)S (21, %,)

. As well as spectral and statistical propagators

ST (xy,xy) = %(S}(:r-,,:rg) — S~(zy,25))

StHxy,xy) = %(S}(.’L'l, zo) + S™(zy, 25))

+ Which fulfil the Kadanoff-Baym equations

(i@, — M)S™ (wy,25) = 2i Egdt"fdgx’E (z1,2")S ™ (2, x5)

(i@, — M)S™ (x,29) =2i ;;Edt" [d°x" £F (2, 2")S (2!, 25)
—2i [ dt’ [d*) X7 (2, 2")S™ (2, 32)



Fermion Propagators

« We can again find the free spectral function

p(p) = 2m(p + m)sign(py)6(p° — m?)

e The KMS relations this time read

S<(p) = —e_p“fTS}(pﬂ] S+(p) = (1 —2fp(po))p(p)
S7(w) = (1= fr(po)p®) , S=(p) = —fr(po)p(p)

+ Yielding propagators

i M 3
15" (p) = pz(_p;;,g j —218(p* — M?)(p+ M) fr(lpol) = (15" (p))'+°

iS5~ (P) — _271'5(392 — MZ)(P T M) ij( Po J - 9(—100)} 5
157 (p) = —2m0(p® — M?)(p + M)[fr(lpol) — 0(po)].




Fermion Propagators

e We can rewrite this as

18{(}9) — —2?1'5(3]2 — Mz)(ﬁ’WL M) :Q(Pﬂ)fp - 9(_15'0)(1 - fp))} ’

1S~ (p) = —2m6(p° — M) (p+ M) [—0(po) (1 — fp) + 0(—po) fo)] »

57 (p) = P st — M) (p+ M) [0m0)fy + O(—po) )]
p°— M” +ie e R

iSF(p) = ﬂ;(_p;;y_) - 216 (p° — Mfz)(}%$ + M) [0(po) fp + 0(—po) fp)]

« And define the number of particles and antiparticles with given helicity as

mdp B 0 dp
fon= [ D RS @) = [ PPuDRS ()
0 —00

« Where the helicity projectors are

1 )
Pu =5 (1+hky'yy’)



Neutrino Matter Potential

'y G —_ —
EEVC? = —7;[% ’}“,u(l — ’}’5) Va][”;ﬂ (1 — ’}’5) Vfﬂ+

« Resummed spectral function in analogy to scalar case
1 1

p(p) = (p—M—ZR(p)-I-iE’}’U B p— M — EA(P) —iﬁ’}”u)




Neutrino Matter Potential

/L G — _
Lyve = —7;[1’& V(1 = 5) Vol (75 YH (1 — 75) V5.

« Resummed spectral function in analogy to scalar case

1 1
)= (p ~ M- 5%(p) +iey, p—M—Zp) - im«ﬂ)'
 DPoles given by
“det(p —m — X' —Re X" (p)) = 0.
 Self-energy structure in general (but at one loop no tensor in homogeneous universe)
Y = (app+ bk + cplp, #])) Py.
« In the relativistic limit the dispersion relation reads pg — p2 — ?’TLE + 2b 170 = 0,



Neutrino Matter Potential

/L G — _
Lyve = —7;[1’& V(1 = 5) Vol (75 YH (1 — 75) V5.

« Resummed spectral function in analogy to scalar case

1 1
o) = ( — —)
p—M—3%p) +iey, p—M— " (p) —iev
 DPoles given by
“det(p —m — X' —Re X" (p)) = 0.

 Self-energy structure in general (but at one loop no tensor in homogeneous universe)

3 = (app +bpih + cplp,9])) Pr-
2 2 2
o In the relativistic limit the dispersion relationreads Pg — P — M~ + 20 LPo — 0,

oc oGPy 'k o yigF
Q b)) 3—2\/57 (1 75)/(2??)413 17, (1 — 75)iS™ (k)]

 Evaluating the integral gives

4’k
bL — \/iGF(nU — nﬁ) n, = / (2?1_)3]((&.11{) , Ny :/

&P’k -
(27{')3 f (wk)



Density Matrix Equation

 So far we worked in equilibrium. Out of equilibrium we need to solve the KBE.

(id,, — M)S™ (zy,2) = _fd’l:;r:'(Z’H(:f:l, ) S” (2, xy) + X (g, ) S (o, Z9))

(i@ml — M)ST(zy,15) = .f(14:1:’(2+ (21, 2)S" (2!, 25) + X (2, 2) ST (2, .:r:g))
+3 fd‘la:’(Z}(a:ha:")S{(a:",xg) — X (2,287 (2, 25)) .

« Note that all quantities are matrices in flavour space now

« We use four-spinors throughout, for Majorana neutrinos one simply has an extra condition

S%(fﬂlaiﬂz) — Csé(ﬂ?zaﬂ?ﬂﬁcf;



Density Matrix Equation

« We slightly rewrite this

(ide, — M)S™ (1,25) = [d'2 (27 (21, 2")S™ (¢, 25) + X7 (21, 2)) SV (2, 23)) ,
(I@Tl o M)S_{_(:{:l?m?) — [(14 f(E_{_ Ly, L )SH( ! “{3) T E (rl? I)S_{_(H:I:IIE))
zfd (X7 (2, 2)S™ (2, 29) — X (q,2")S7 (2, 25))

 Analytic solution is impossible... we will perform a gradient expansion
o First we Fourier transform all quantities in the relative coordinate to go to “Wigner space”

G(x; k) = /d4reikrG(x+r/2,x —r/2) x = (x1+2x2)/2

« The convolutions become very ugly, symbolically

[ diin = x)e ) [ atya(,y)Bly,v) = e A% HB(xK)}

1
o{A}{B} = (9+A - 9B — A - 3:B)

 Luckily the system during neutrino decoupling is very close to equilibrium and adiabatic, so
we only need the leading term...



Density Matrix Equation

. We slightly rewrite this
(id,, — M)S™ (zy,x5) = fd’l“r(EH(le“’)S (2, x9) + X (zq,2") S (2, Zs))
(id,, — M)S™(xy,25) = — [d*a ’(E+ zy, ) ST (2 xy) + XM (2, 2)ST (2 , Ty))

FL LA (5 (20, 2')S< (& 20) — B<(,2')S” (&' 2)).

« Analytic solution is impossible... we will perform a gradient expansion
o First we Fourier transform all quantities in the relative coordinate to go to “Wigner space”

G(x;k) = / drefG(x+r/2x—1/2)  x=(x14+x)/2
« The convolutions become very ugly, symbolically

[ din = et [ d4yA<x1,y>B<y, x1) = e {A(x; k) HB(x: k)

o{A}B} = = (a A 9B — 9y A - 9,B)

 Luckily the system during neutrino decoupling is very close to equilibrium and adiabatic...
1 — H -
(p+§fm@t—M)5 —(E ST+ X éH) =0,

(p+ 200 — 2)s* - 757 - pTSH _(L7S< - £7S7).



Density Matrix Equation

(p+ b0 - )5~ — (27574 27s%) =0,
(p+ 00— M)s* — B7S* — EFS" = 4275~ °5%)

« We define
St = st , s"=i8"  H= (p — ) M)~°,
gl‘? — I}IYU | g{ = E{f}/ﬂ? (g} ) x-‘l’ 0

« Then add and subtract the KBE from their con]ugates to obtain “constrained equations” and

:kinetic equations”

(H,87}—1{G,8"} =0
i0,S™ +[H, 8 —-1[G,8"] =0

{H,8"} —{N, 8"} = %([G} S““] —[G=,87),
i0,8" + [H,8T] - [N,8"] =3({67,87} —{¢7,87})



Density Matrix Equation

From the kinetic equation we will get the density matrix equation:
. + T H 1 > < < >
1atS +[%?S ]_[N:'S ] :E({g :"S }_{g :"S }

But we want an equation for on-shell distribution functions, while the above are matrices in
spinor space that also exist off-shell. We Lorentz-decompose the propagators

1 . 5 5
S = Z Eph (."}Uh T ’Yﬂ!;’lh. — 1’Yn’}‘ Gon — 7Y ﬂ:jh)
h

Now we consider the constrained equation

+ H 1 > Q< < Q>
{H,5"} =N, 87} =3(97,87]-167,57))
We multiply it with different combinations of gamma-matrices and take the trace to obtain
relations between the Lorentz components



Density Matrix Equation

From the kinetic equation we will get the density matrix equation:
. + T H 1 > < < >
1atS +[%?S ]_[N:'S ] :E({g :'S }_{g :'S }

But we want an equation for on-shell distribution functions, while the above are matrices in
spinor space that also exist off-shell. We Lorentz-decompose the propagators

1 . 5 5
S = Z EPh (."}Uh T ’Yﬂ!;’lh. — 1’Yn’}‘ Gon — 7Y ﬂ:jh)
h

Now we consider the constrained equation

H
{%?S+} _{N:'S } — %([g}?s{:] — [g{?S}D
We multiply it with different combinations of gamma-matrices and take the trace to obtain

relations between the Lorentz combonents

4p[]gﬂh. — 4hpg3h + 2{91.&1 M} o {gBh — Yoh bL + ab(pﬂ + hp)}
dpogin = 2{gon, M} + {g11, b1, + ar(po + hp)} +i[gon, by, + ar(py + hp)]
4pogsn, = 4hpge, + 2i [Qﬂm M ] + {Q;%h, — Gon, bp +ag (Pn + hp)}
Apogor, = 2i|gap, M| + {gon, b + ar(po + hp)} +ilg1p, br + ar(po + hp)]

» OK, let’s expand in small parameters  (p, + hp) < |p0|’ P M, arpy, by <K |;D0 | , P



Density Matrix Equation

From the kinetic equation we will get the density matrix equation:
. + T H 1 > < < >
1atS +[%?S ]_[N:'S ] :E({g :'S }_{g :'S }

But we want an equation for on-shell distribution functions, while the above are matrices in
spinor space that also exist off-shell. We Lorentz-decompose the propagators

1 . 5 5
S = Z Eph (."}Uh T ’Yﬂ!;’lh. — 1’Yn’}‘ Gon — 7Y ﬂ:jh)
h

Now we consider the constrained equation

+ H 1 > Q< < Q>
{H,5"} =N, 87} =3(97,87]-167,57))
We multiply it with different combinations of gamma-matrices and take the trace to obtain
relations between the Lorentz components

1 1 Po
: {gom M }, Yoh = ; [93m M ] ,  g3n = h—go,
24 26 : p

din —

Let’s plug that into the propagator, and then insert the propagator back into the kinetic
equation



Density Matrix Equation

« We find tr(PsSJ“) = gg;
! 1 , ,
tr[H, P,SY] = |=—M>+ —(b(spo — p) + ars(pg — 7)), 9as

| 2pg 2p
by Po 1 2 +

~ |—=(1—-s—)4+—M
-2 ( SI))—I— 2p0 ’g()s
i @ 1 ‘

tr{gz, Pssg} = & —M*4 —(b>(8p0 —p)+ a%s(pﬁ - P2))ag(i

| 2pg 2p ™
| b% Po <

o, =] = g— e
L 9 ( D )ng.s

« Comparing this to

tr(pX) = 2(brpo + ar(po — p°)),
tr(pPyp2) = b(po — hp) + ar(pg —p°)
. We find ]
tr[H, P,ST] = %%(Lr(pPSZ“’C) + M?), gé,;]
tr{G%, P,§5} = <f—2itr(]z)P322), g(%s}
. 4Po Now we just need to put this on-shell!



Density Matrix Equation

The neutrino masses and matter potentials are kinematically completely negligible, they only
matter in the (anti(commutators in the numerator of the propagator. Hence, we may use the
pole structure of free spectral function in the relativistic limit for all propagators

We split all quantities into an equilibrium part and a deviation

S+ 8"+ 468

Since the spectral function does not directly depend on the occupation numbers, we can
neglect the deviation from equilibrium here. Since only two of the two-point functions are

0S” = 08T = 4ST

The equilibrium pieces must fulfil the KMS relation

independent, this means

Altogether this yields
1
(9i)as = 272000(0°) | (5 — Sr(P0) ) as — (90(P))as

N 1
(QOh)aB = 2mi2pyd(p 2)5 af3

(Gon)ap = 272pod(P°)[(—fr(P0))das — (60(P))ags]
(gon)as = 2m2ped(P”)[(1 — fr(P0))das — (60(P))ag]



Density Matrix Equation

« Plugging this back into the kinetic equation ...
i0,8" +[H,8T-N,8"] =3({67,8°}—{G~,87}

L ] d ‘
e ...and integratingover p0 p = / %tl‘éﬂr. g1ves
s

d,p = —i[H, p| + Z|p]

| 1
Tlo] = 5 ({17, =p} + {1, 1= p}) = 5 (L= p)I"* = pI'”) + hic.
o with
1 loc 2 F:{} — :F—lt E%
H = Q—pﬂ(tr(PPSZ )+ M), g oo r(p)], -0,

« The expansion of the universe is finally included by interpreting this equation as one in
conformal time and comoving coordinates



Connecting to Boltzmann

We found for the gain and loss rates

+1 >
r< = —tr(px=
o tr(pX)|

Po
Can we somehow connect that to the collision term in the Boltzmann equation?

pu:!;?p

We consider the total damping rate

1
[,=I5+TI,; = p—Ier(pZH(p)
0

Po= !zp

And a generic interaction like

Lrormi = 2V 2G p (0" P W) (!f’m“(f:i; -+ {321"}’5)@2)) + h.c.,

« There can be two types of fermion flow in “setting sun” diagrams, depending on where they come from

0
1



Connecting to Boltzmann

« They read

oW 2 (i4p1 d4p2 d4p3 4¢d
Im Y (q) =4G% {f (2’”)4 (27r)4 (Q:Ir)’l (2m)"0" (p1 + P2 + 3 — q)

YT [fy” (a+b7°)S” (1), (a+ 575)3{(_1)2)] S}(Pg)'}’y) — 57 < S{]

A d'p, d'py d'p.
Im %% (q) =4G% {/ (27r)14 (2?54 (2??)1 27)*6" (py + po + p3s — q)

(W“S}(pg)v”(a +b7°) 5= (=p2) Y, (c + d’}fs)S}(pl)%) — S S""} |

N
N



Connecting to Boltzmann

o Inerting the propagators gives

sl o e d'p, d'p, d'p; )is _ _ _ _
ImY (q) —461-*/(2??)4 (2';r)'1 (27{)4(2 ) 0 (p1 +pa+p3—q) [(1 J1)(X = fo)(1 = f3)

T flf?f:’i] v Tr [’}“,u (*’1 + b’}‘ﬁ) p(P1)7, (‘1 + b’}’ﬁ) P(—Pz)] p(ps)y”

A d'p, d'p, d'p
I 572( ) —4G2 / 1 2 3
o (4) a (2??)4 (27?)4 (271')4

(2m)*6*(p1 + P2+ 25 — )| (1 = F)(1 = fo)(1 = fy)

+f szg] (’T”P(Pg)’?” (a + b7°) p(—p2)vu(c + dvﬁ)ﬁ(pl)%) |

N
N




Connecting to Boltzmann

« And yes, this exactly gives back the Boltzmann integral!

- ret.s &P, &p, o
Te [ K Im Ep/n(0)| = mf/ (zw)fml / (%)3sz2 / (QTT)%ES; g (
X [54(101 + P2 + p3 — @) [ M (my, —ma, ma)|*[(1 = f1)(1 = f2)(1 = f3) + fifofs]
+6*(py + P2 — p3 — Q)M (my, —my, —ma)|’[(1 — [1)(1 — f2) fs + f1fa(1 — f3)]
+0%(py + p3 — pa — Q)| Mic(my, mg, ms)|P[(1 — f1) fo(1 — f3) + f1(1 — f2) f3]
+6"(py + ps — p1 — Q)|IMxk(—my, —mg, m3)|*[f1(1 — fo) (1 — f3) + (1 — f1) fofs]
+0"(p3 — p1 — P2 — Q)| Mic(=my, ma, m3) P [f1f2(1 = f3) + (1 = f1)(1 = f2) f3]
‘|‘54(}’jz — p3 — q) [ Mg (=my, —ms, _m:i)lg[fl(l — fo)f3s+ (1 — f1) fo(1 — f5)]
+8(p; — py — p3 — q)| M (mq, ma, —frb3)\2[(1 — fu)fofs + f1(1 = f3)(1 — f5)]
—|—54( —p1 — P2 — P3 — q)| Mk (—my, my, —m3)|2[f1f2f3 + (1= Jf)(1 = f2)(1 - f3)]]
Kinematics Matrix element Quantum statistics

|M:§((m1 y Mo, M3, P1, P2y P3, Q)lg = ‘M?{(mljmﬂj mB)‘E — 4G%’T§(mlam21 md)



Nefs in the Standard

Model

* Neis the “effective number of neutrino species”; parameterises expansion rate

during BBN and CMB decoupling

. . Pv .
e In the SM it is defined as — —

P T/me—0

¢ Nef=3 in the SM if
i) primordial plasma is ideal gas,
ii) neutrinos decouple instantaneously,
iii) neutrinos decoupled at temperature T >> me

()"

g\ 11 eff

None of this is really true, leading to deviations from Neg= 3

* BSM phenomena also lead to deviations from Nef =3 (extra light particles,
modified expansion history, non-standard neutrino interactions...),

making N.f a powerful probe of BSM physics

* CMB 54 can potentially measure Nef with sub-percent accuracy

s

 Computed the current state-of-the art value in the SM

N = 3.0440 +0.0002

N
Froustey/Pitrou et al 2008.01074

Akita/Yamaguchi al 2005.07047
Bennet et al 2012.02726

(used by PDG, in CAMB and CLASS codes, major collaborations like DES, DESI...)

J



https://arxiv.org/abs/2008.01074
https://arxiv.org/abs/2005.07047
https://arxiv.org/abs/2012.02726

Nefs in the Standard Model

* Neis the “effective number of neutrino species”; parameterises expansion rate

during BBN and CMB decoupling

e In the SM it is defined as

¢ Nef=3 in the SM if

Pv

PyIT/m

i) primordial plasma is ideal gas,

ii) neutrinos decouple instantaneously,

iii) neutrinos decoupled at temperature T >> me
None of this is really true, leading to deviations from Neg = 3

p~ + p, + [new physics| = p, + Negp, =

e—0

2
-
— 74
15 7

Z(i)“” NSM
8\ 11 et

p—

8 \ 11

* CMB 54 can potentially measure Nef with sub-percent accuracy

7/ 4\?
1 + Negg— (—)

-~

NS = 3.0440-

-(0.0002

 Computed the current state-of-the art value in the SM

N
Froustey/Pitrou et al 2008.01074

Akita/Yamaguchi al 2005.07047
Bennet et al 2012.02726

(used by PDG, in CAMB and CLASS codes, major collaborations like DES, DESI...)

J



https://arxiv.org/abs/2008.01074
https://arxiv.org/abs/2005.07047
https://arxiv.org/abs/2012.02726

QED Equation of State

QED equation of state can be computed from partition function Z

In practice InZ is expanded in powers of e

mZ =129 +mz® +1nz6) + ...

From this, contributions to energy, pressure and entropy care computed

T

P = o 1n ARl
T2 91n Z(™) oP(")
(n) _ _ _p) 4
S VA Th S 7
m 1 O [T In Z(n)] o) 4 p()
S — —

V oT T |



QED Equation of State

At zeroth order one finds ideal gas

T [> (14 e Pe/T)2
P<0>=—/ dp p? 1 ,
o NP T LA e BIT)

1 [ - 2F E ]
0) — — R g | 2l
P 772/0 P eBe/T 41 eBr/T — 1)



QED Equation of State O(e?)

The first correction comes from In 72 — _%

T p2T2 [0 p2 o2 00 pz 2
PR = Z1nz® = / dp = / dp =
V " 1272 0 P Ean 74 0 p Ep "D

2. 9 00 ~ ~

e2m P p+pl
| = dpdp In ~| Mpnp,
1674 //0 E,E; |p—p

Usually the log-dependent term is neglected



QED Equation of State O(e?)[no log]

Neglecting the log term yields

T p2T2 [0 p2 ) 00 pz 2
PR = Z1nz® = [ dp = / dp =
V H ]_271'2 0 p Ean 8’7{'4 0 p Ep "D

22 0O 2 2 00 2 2
(mzeT[d& - € /d&
g 1272 J, W, (ot T0mm) t g\ dpg o

62 00 p2 00 p2
dp— dp— T
ir (/0 "B, ”D) (/0 VB aT”D)’




QED Equation of State O(e?)

Adding the log term yields

T p2T2 [0 p2 ) 0 p2 2
p@ _ Ly s [ i s ( / a4 _nD)
2.2 o0 ~ ~
e ms . pp p+p .
| dp d ] - j
1671'4 /\A pep EpEﬁ H p—Dp "DND

22 poo 2 2 00 2 2
(mzeT[d& - € /d&
g 1272 J, W, (ot T0mm) t g\ dpg o

62 00 p2 00 p2
dp— dp— T0
ir (/0 "B, ”D) (/0 VB T”D)’

2)111_ D) 2T o
0 = // dpdpEE~1np—5nD( Ornp — np)




QED Equation of State O(e?)

The next correction comes from

_ 1] 1 1 1
In Z(3) =1 Qi:j? Bi:j?+4€:§+...

It reads

P = 1nz® =




QED Equation of State O(e?)

The next correction comes from

3) _ 1] 1 1 1
In Z(3) = 1 QQZ::?} Si:j?+4ét§+...

It reads

32
PG — Z 1703 — [3/2(T) p(?’) e 1’

_ 1/2
V 1274 ]l 12071

e It turns out to be important

B > p2 + Eg * This correction was previously neglected
I(T) = dp np
0



Impact of NLO QED Corrections

* Neff in the SM is found by solving

(d/dt) prot +3H (prot

Ptot) — 0&

* O(e?) correction to equation of state is more important than neutrino oscillations!

Standard-model corrections to N:ﬁl‘“’l

Leading-digit contribution

me /Ty correction

Flavour oscillations

O(cez) FTQED correction to the QED EoS
Non-instantancous decoupling + spectral distortion

O(e?) FTQED correction to the QED EoS
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Impact of NLO QED Corrections

* Neff in the SM is found by solving
(d/dt)peot +3H (prot + Prot) = 0, dro—pHO, = —i[H, o] +7]o),

( )

e First inclusion of NLO correction to equation of state at O(e?)
— 1s more important than neutrino oscillations!

 Estimate of NLO correction to collision term
— 1s negligible (in contrast to claims in the literature).

* First inclusion of experimental error in v-oscillation parameters

— 1S Subdomlnant Bennet et al 1911.04504
Bennet et al 2012.02726
. Drewes et al 2402.18481
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https://arxiv.org/abs/1911.04504
https://arxiv.org/abs/2012.02726
https://arxiv.org/abs/2402.18481

QED Corrections to Collision Term

The following corrections to the collision term were not included

Vg Y € Ve, e

UO: e Va e

(a) (b)
e Ve, . e
Y41 D3
’-Y W
2 AN
e Ve €

(c) (d)

There is controversy about their impact

Cielo et al 2306.05460 , Jackson/laine 2312.07015, Drewes et al 2402.18481

Diagram (d) is IR divergent in the t-channel, requires usage of
resumed finite temperature photon propagator


https://arxiv.org/abs/2306.05460
https://arxiv.org/abs/2312.07015
https://arxiv.org/abs/2402.18481

Resummed Photon Propagator

L, oz [ A .,,,.
1 (P) = (1) 0ie? [ oS [isebkyisto( = Py’

Mem >
Rell]} 7 = PP / dw [265(w, P)PyP*w — 4|k||P|(P5 + |P|?)

e

1
+1(w. PY(PPP? + 2P8u? ~ 2P + 5P| fr(w)

HIL 3 5 P§ . 1_|P|2 Py
P2 ) 2[P|

Pn+|P|
Py — |P|

:| }U, fOTPU:U

Qe P? [ |
Re Iy 70 = W/ dw [8[K|[P| — £1(w, P)(P? + 4w?) — 4fs(w, P) Pow]| fr(w)

HTL P? Py
~ —3m2(1- L) [1-—21
o (1= e) [ my

Fy + |P]
Py — |P|

Y

] y —3m?2 for Py =0,

Resummation introduces momentum-dependent photon mass and
longitudinal photon mode



Resummed Photon Propagator
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4
Impact on Neff is subdominant, but it gives rise to 4

well-known plasmon process that is relevant for
White Dwarf coolings

<|






log(dN/dM, ;) [pc'3 mag_l]

Observing WD Cooling

White Dwart Luminosity Function Pulsating WDs:
(WDLF): Individual stars

Population
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Theory of WD Cooling




Cooling Anomaly

HE o
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WDLF (Mg~9) ! |

PG 13011
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* Some WDs appear to be cooling too fast....

* Do they emit LLPs (axions, ALPs, ...)?



Impact of B-fields

Can internal magnetic fields explain this within the SM?

* Modity plasma processes y — vv

v <

* Enable synchroton radiation e — evv

v

i d /v
§
(8)

* Heating through Ohmic decay




Plasma Processes

v — Vv possible in dense medium due to modified photon and plasmon
dispersion relations, roughly characterised by the plasma frequency

9 47T(}fﬂg 1 ) 2/3 —1/2 1/2 2
Wy = o 1+ 2 (3mne) ~ (20 keV pg )
Refractive index (“thermal mass”) is determined by electron density,
relevant scale is the frequency

e b ; ;
= Me = = 11.5 Bys keV B.=m?/e =4.41 x 101° G
mf‘: (:

Wwp =

Magnetic fields force electrons on Landau levels, modify refractive index

B

Other effects (Schwinger-like pair creation, modification of wave
function...) are negligible or sub-dominant



https://arxiv.org/abs/hep-ph/9302213
https://arxiv.org/abs/astro-ph/9901156

log,,(Q) [ergscm?s™!]

Plasma Processes

oY, =10" gem—>

10

...... Q;;”(Sﬂ') non-rel
...... Q ,/(87) non-rel

.....................

 For typical WD
parameters, impact of B
fields significant...

* ...but only at temperature
where other processes are
more 1important



log,,(Q) [ergsem—3s7!]

Synchrotron Radiation

T—50x%x10" K

—pY, =10’
— Y, = 10"
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12
109‘;10(3) |G]

13

* B-fields open up new
cooling channel e — evv

* Inrelevant regime the

effect grows with B

 For very large B:

suppression because next
Landau level becomes
inaccessible
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Comparing Mechanisms
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surface cooling
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Synchrotron emission can
dominate for large temperatures

Requires comparably large B fields

Can potentially solve the anomaly
for

B~3x10'" G
But how to generate these fields?

Non-observation of stronger
anomaly imposes upper bound

B< 6 x 1011 G



