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DEhJ‘E ctar - Dege"erate White dwarfs
(~705'é9/ w?) pressure

Frolm (2=
Known EoS> B
TOV eqs. +

1.33M =
Salpeter

The long mean path of electrons due to their

degeneration makes the temperature of the
core the same everywhere.
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Hot WDs: neutrino
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Equation of State: Salpeter
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Salpeter, E.E., Energy and pressure of a zero-temperature

plasma, DOI: 10.1086/147194.

White dwarfs

Etot - EO + EC + ETF + EEX + ECor (2)

1 dE

p—__ - "=
2.3
Arrzag dre

(3)

E — per electron, such that there is one electron per
sphere of radius r.ap (8o = 1/(am.): Bohr radius)
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Salpeter: (1) degenerated ideal gas

This is the simplest contribution, which at zero
temperature is:

Ey = (2i)3 /d3p (\/m - me) (fe(Ep) + fE(Ep)>
_ 732 OPF dp pZ(M— me)

(4)




Salpeter: (2) classical Coulomb
effect

Forces: e-e + e-N

1 Ve [peV X pedV  Ze X p.dV
Ec=—
¢ 47rZ/0 ( r + r )

9 72/3
5, 7

(5)

2

where r, = %a me is the Rydberg energy unit




Salpeter: (3) Thomas-Fermi
correction

Non-uniform e-cloud: ne(r) — neo(l +e(r))
We fix the Fermi energy: EfF = —eV

We solve: V2V = 4ren,

£ 324 ( )2/3 T 224/3 (6)
= vV X
F= 175 \or

where x = pg/m.
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Salpeter: (4) Exchange energy

Fermi-Dirac statistics also affect [antisymmetrized] wave

White dwarfs

functions (not just kinetic energy)

Full contribution: Ec + Eg,

Eec = Z Jij <5i : 5j> ~ Lsinglet — Etriplet
ij

S (f) amx@(x) ")

s

o) = & [§+3 (87— &) 1oep —6(ogp) — (B2+ ) — § (8 + %) ]

B2
B=x+1/1+x2
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Salpeter: (5) Correlation energy E

Next term in perturbation of interaction between
electrons: computed by Gell-Mann and Brueckner,
10.1103/PhysRev.106.364 (DOI)

White dwarfs

Ecor = (0.0622log r. — 0.096)r, (8)

This energy takes into O

account an exchange of
momenta among n electrons <> O
than then return to their

original states: O O O O




Equation of State: (B) TOV

equations

Tolman-Oppenheimer-Volkoff (TOV) equations: Einstein field
equations for a perfect fluid in the metric of the interior of a star
Tolman, R. C. 1939, Phys. Rev., 55, 364 / Oppenheimer, J. R., &
Volkoff, G. M. 1939, Phys. Rev., 55, 374

dp(l’) . G 6(r)_|'p(r) [m(r)+47rp(r)r3]

d(r) T T r(r—2Gm(r))
dm(r 5
e Are(r)r

e = €(r)

(9)




Equation of State: (B) TOV
equations
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White dwarfs

TOV solution for 1 M, WD, e* number density
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Thermal field theory
Thermal partition function:
2(8) = [ dqlale ™ |q) = [ dq(gle ™ q)
= /Dq(T) exp [/0,8 dr (;qu(r) + V(q(7))
= [ Da(r) exp [ Se(9)]

(T(a(=i7)4(0))) =




Thermal field theory

We can define 2-point functions:

D~(t,t') = (§(t)a(t))4

D(t.t) = (a(e)a(e), = D°(¢e) D)
And the time-ordered propagator:
D(t. ) = (T(a()a(e)), )

=0(t — t')D7(t,t') + 0(t' — t)D=(t, t')

For the harmonic oscillator, the Fourier transform of D~
is:
Ani i
Fliwn) = o
27n (14)
wp, = ——, n € Z (Matsubara frequencies)

B
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Thermal field theory

If we do the same process with scalar fields:

» Euclidean action:
Se(8) = Iy d*x (% (9,0)° + Em?¢* + V(9))

» Generating functional:
2(8,)) : I Doexp |=Se(B) + i d*x j(x)o(x)]

» Mastubara propagator:
Ar(iwn, k) = (W2 + k? + m?)

» Integral measure: TZ,,]’%

=2 rwd)

This is the Imaginary-time formalism. Similar with
fermions and vectors.
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Thermal field theory

There's also the real-time formalism:

> Field operator: ¢(x) = efH(0)e 7, t =x0 e C

» Thermal Green functions: Thermal field

Ge(x1, - xw) = (Te(d(x)...0(xw))) 5
» Generating functional:

Zc(B,4) = Tr [e P# Teexp (i fc d* xj(x)d(x))]

Imt

> Ret
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Thermal field theory
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A4 Feynman rules in Minkowski space (real-time) Zink
Boson propagator: diagonal elements
i

D{1(Q) = (D5(Q)" = ity + 2mn(go)s(Q* — m*)

¢

Cut propagators Thermal field
theory

DF(Q) = 2n(6(qo) + nl(ge))5(Q° — nr’)
= 2me(qo)(1 + fqu])c)':Qz —m’)
DF(Q) = 2n(6(—go) + niqo))8(Q* — m*)
= 2me(qo)f (go)3(Q7 — m?)
Df =Dy and Df =Dp2 if 6 =0

. 1
flao) = T =1 n(qo) = i —1

Fermion propagators: diagonal elements
Fipy— SF Py — i
SH(P) = (P +m)S{;(P)= (P + fm[F: vl
— 21 (8(—po) + e(po)f (po — p))(P* — mll}
SH(P) = (P +m)(3f,(P))
Cut propagators
SP(P) = 2me(po)(1 — F(po — )P + m)d(P? — m?)
SF(P) = —2re(po)f(po — uNP + m)d(P?> —m?)

Taken from Le Bellac




Photon self-energy
Importance of photon self-energy:
» Alters poles
» Modifies dispersion relations
» Changes field strength Photon self-cnergy
» Appears in decay diagrams

e

e+




Photon self-energy

4
ne — — Ie2/ﬂtr[vﬂsg(K),yysg(Q _ K)]

(2m)*
. d*K u y Photon self-energy
= /e2/ (277)4“[’7 (K4 m)y" (@ — K —m.)]
X [Kzlmg — 21 (0(—K°) + sgn(k°)F(K® — pe))d(K? — mi)]
x [(Q_KI)Z_mZ —2m(0(—q° + k%)

Fsn(Q° — KT — KO-+ 1)) 8(Q — K = )
(15)

where f(x) = (e + 1)_1
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Photon self-energy e

Contribution just: thermal - non-thermal

Photon self-energy

== 62/ (27:)(3 tr[y* (K + me)y” (@ — K — me)]

O(—K) + sEn(K)FK — ) r
e T ) )
y {9(—q° + k%) +sen(q® — k)7 (q° — k° + pue)
K? — m?2

< 6((Q — K)? — mg)
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The first term:

tr[y*(K + me)y” (@ — K — me)]
= 4(quV + kyqu - 2k'uky — K . Qg}“/) (17) Photon self-energy

= 4AW
Ward identity: Q.MM =0 — QA" =0 —
R?=2Q K
AR — (K ) Q)(quV + quM) - szMkV — (K ) Q)2g/“/

K-Q
(18)

Due to delta: (Q — K)> —m?=Q@*-2Q-K
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Photon self-energy
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With the other factors:

O(—k°) + sgn(k)F(K® — 11e)d6(K? — m?)

Photon self-energy

. . (19)
_ 70 + R0 -
= 55 [FO = )™+ (1= (K — )0 }
where Ex = /K2 + m2 and 0% = §(k° T Ex).
Therefore, the first term yields:
oA F(KO — pi)ot + (1 — F(k° — /Le)>5_ (20)

Ex R*°—-2Q- K
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Similar work with the second term, but we do:
K — K4+ @ and find:

Photon self-energy

_opAnv (1 — F(—k° + Me)>5+ + F(—k® 4 p1e)d~
Ex Q>°+2Q-K

To finish, we remember that under k#* — —k#, then:

(21)

1. AHY — — AWV
2. [d*K — [d*K
3. 0 = 6°"




Photon self-energy

Final result:

d3k f EK +f(EK)
S e / DEx
Q K(k“q +k'q") — k'K — (Q- K)g"
(Q-K)>—(Q?)?/4
_4e / d3k fo(Ex) + f=(Ex)

2Ex
QK kg @ (@ Ky
(Q-K)?

(22)

Photon self-energy




The dark in the

Importance of 1"
We need to sum: 5 n Zink
Mgf’”
W ;
Photon self-energy
e+
e e~
Y Y ¥ n
et et
e e~ e~
8 y y ~y N
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It is better to decompose [1+:

Ne = FPI" + GPY" (23)

Photon self-energy

where the projectors are:

P#” = ( SV — Alqj)5#§u
m
P = ( g+ qQZ ) i (24)
where:  Q = (qo, §)

Solution: F = %noo and G = 1, such that § = ¢2
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v 7igl“’ _igu . \o 7Ig(l,-, Photon self-energy
DL = Q2+Q2’\(I‘I)Q2+
_,glM
Q2 5’\+Z<Q2> PLA+Z(02) 7| (25)
_ig'uA v _ig'uA v
= Q2 — 'DL)\ + Q2 — TXx>
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Importance of 1" ety
The energy on-shell: w,(q) M
P I R
Longitudinal: D* = 0
2 Z
lim D% — W/(;?) . 1(9) '
@ & @—w(a)

Photon self-energy

. XX %

Transverse: D™ = =17 (Q)
Z
[im DXX == #q)z
qo—wt(q) a5 — we(q)
Solution
q2 GI_IL -
Zi(q) = [— g ,q]
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The residue of a pole in g3 of D*(qo, q) can be Zink
identified with #(q)e”(q)*. So we have:

00 s UJ/(CI)2 Z/(C]) _ Wl(q)z
ResD® =R ( pE— —w/(q)2> 7 Z/(q)
Zt(q) .

90 — wt(q

Photon self-energy

ResD* = Res(

From these expressions, we can find the polarization
4-vectors:
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Importance of 1" .

The dispersion relations are:

Photon self-energy
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Plasmon decay
Decay of plasmon (SM):

A\
e~ 20
v Plasmon decay
e+
But Q* < my,, m%
A\
e_
G
v
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Plasmon decay .

We need to compute:

V5
O Plasmon decay

My = g"g”[Ma(Q)(ic"q™)]
_ o @ &’k fo(Ei) — fe(Ei) Q- Kao — @
Na(Q) = 87raq/ on)? 2F, (Q-KP
(32)
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Plasmon decay =
Amplitudes: )
G 1 ;w o
Muw = 5 7een (@M = M Ja(p)3 (1 = 5)v(p2) (33)
Plasmon decay
Mz = Gr 1 C(e)n;w C(e)n;“, _ 1
2= 5 7= @[CIM = GO a1 (1 = 35)v(p2)
(34)
G 1 » o
Mo = 5=t Q)OI = Caa(pa) (1 = 75)v(p2)

(35)

where Cy = 2sin? Oy + 1/2 (ve), and 2sin? Oy — 1/2 for the rest,
while C4 = 1/2 (ve) and —1/2 for the rest.
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Total:

ji\/:T[ (@ a)Cy (|‘|L(w,7q) (1, ?a)" (1, °;’g,>y>

el g Cuir(ca) (67 - 9)

Plasmon decay

+ Calla(wy, q)(is’j’"@"’)>g”j] u(p1) v (1 —s)v(p2)
(36)

Short notation:

M= ZE (M=, ) )Pl - s)v(e)  (37)

SI9
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Plasmon decay
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The decay width is: Zink
L[ Lo [ Pe 1o e 2
Fa(q) = — — n)*s (P + P, — Q)M
A(Q) 2w>\(q) (271.)3 2p1 / (2ﬂ-)3 2P2( 7T) ( 1+ P2 Q)‘ ‘
(38)
We can perform: Plasmon decay

1 d3p; d3
# =g | @A)

x [PLPY + PYPY — Py - Pogh” — i Py P |

1 1
= — Ba? — Q2 gtV - _ 2 v
37T(q 9" — Qg ) 37TQg

(39)

GE wA(e)* — ¢

M0 = D ey (M ul@ ) (M0, 0) - (40)
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Plasmon decay
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Final results:

G2 2
U(9) = € g o 2@) (wi(a) = ) wila)  (41)
G2 w (q)2 _ q2 2
r _ F_7 t 2 ( 2 2)
T(q) 48720y t(q) Wt(q) CV wt(q) q
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Emissivity of plasma:
Oy = [d3qG Ta(q) wr(q)ns(wr(q), T), where

np(w) = o=

Plasmon decay

or=2( Y gt / " g 2 (w00 - &) mi(ent)
0

Qa= 2(2 C,ﬁ) G /OO dq ¢*Z¢(q) (wf(q)2 - q2> Ma(we(q), 9)*ne(we(q))
0

o= (Y 6) s /0 " g 2@t ()" - ) notea)

(44)

Luminosity: L, = 4r [{° Q(r) r? dr
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L =Lem +UpilD vp
+ (D) (D) — V(b H)

Appendix

1
- 7X/11/X}W - ‘ B/H/X/”/
4 2CW

~ ,_ —
+ NigN — [y2(La - H)NC + %NNC + ywNuS® + hec]
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Dark sectors
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Three Portal Model Zink

Effective interactions of the dark photon after SSB:

L= —eeJEMZ’“ + gDJ:?Z’“

Dark sectors

%} EQWI




Dark sectors

L, —L,
1 1 0 €B BO‘ﬁ
LD—=(Bag, Wig Xap) [ 0 1 ew wsas
4 €B  €w 1 XoB
) g/2 g/g 0 Bo
1 3 1% / 2 0 3
+ 5 (B, W3, Xa) - | E8 & | [ wee
4 M
0 0 = X<
Ba
7(g,./$7 g.l:;xa g[,l,‘l'.]ﬁq—) Wé
Xa

i = Loy Lo + figy® pr — L3y L3 — TRy 1R

) . 1 .
Ling = —8ur jir An + €€ <JE‘M — 5 tan? 0wJ?) A,

€A ™ €Eur log (ﬂ) ~ —8uT

672 mr 70
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Dark sectors
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L/l _ LT Zink
de, = eeA(l — tan®Oyy(1 — 4sin® 9W)/8) , (50)
ds =een tan’Oy /8, (51)
k:,x = Sa g;rr/2 + dj ’ (52)
Sa =0,1, -1, fora=e,u,7 (53)
~ Dark sectors
A ’ A P
Va
A’
K%

Vo




BSM WD cooling

Extra contribution:




BSM WD cooling

Three Portal Model

ij d4k v
My =@ [ Gyt S0 (K - Q)
2 1 g7D *
Q@-Mmz 27"
X Ti(p1)7 (1 = s)vi(p2)

Gr 1
= 2[R e (1 = s)vile2)

X €€

U;

2 Vara

where U is the mixing matrix for neutrino states and:

CD-- _ vV 2T €8D Ui*D UJ'D
WG M3 - @2
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BSM WD cooling

Three Portal Model

We need to sum it with the SM:

=y (M)
ij a
V8ra egp|Up 2 .
* GF /\/’%,—Q‘2§R(ZC\S/1,\§UMU&J)

a,ly)

1870 2g3|Up|*
Gt (MZ, — @)

where we have assumed that U;p = Up is equal for every i
> (CPM) = 6sin® 0y —1/2

The dark in the
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BSM WD cooling

and




BSM WD cooling
Three Portal Model sime Hocfhen

Three Portal Model contribution (it includes SM)

Or = 96 4 / dq qut()

X (Z (Cv(wt(Q)7 q))2> (Wt(q)2 _ q2)3n3(wt(q)) BSM WD cooling

af
:96(7;504 /ooo 9 q2z,(q)<z (Cvlwi(a), ‘7))2>

aB

on

<eala ((a) = ) mo(ea(a))
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Flavor basis, so just change of coefficients needed:

\/_ ka de (58) BSM WD cooling

Ca,SM+BSM Q N Ca + b
; (Q) G =

where a = V/, A are the vectorial and axial components
with by = 1 and by = —1, « is the flavor




BSM WD cooling

L, — L,

0, — T /qz CaSM+BSM 9)? ¢ Zi(q)

8 (W/(q) -q )2%(61)2 ng(wi(q)) (59)

OF — T /qz CaSM+BSM 7)) % Z(q)

. (wt<q) ~ ) nale(@) (60)

O = [T (G Q) ¢ Zia)  (6)
X (wt(q) —q ) Ma (wt(Q),Q)z ns(w:(q))
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We are interested in measuring:

Foo Lpsism — Lsm
DS = Lo

Data of WD computations:

BSM WD cooling

| 4 MWD:]-MQ
> Twp = 108 K

» Degenerate and classical limits
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Three Portal Model:

1036
1035

1034

Llerg/s

10%
1032

10

Jaime Hoefken

results Zink

—
Myp=1M
T=10°K

T

SM+DS
Longitudinal
Transverse

T
PEPRTIT I |

PR | Lol MR

T 107 103 10
My [MeV]

BSM WD cooling

1040
1039
1038
1037
— 1036
201035
S 10%
1033
1032
1031

erg/s]

WL A Al Al A A e el e

T T | B s T

SM SM+DS
— Longitudinal Longitudinal
— - Transverse Transverse

Myp=1M,
My =1GeV

vod ol ol v v o ol vl ol

PR L

30
10768
where egp|Up|? = [1078 — 1074 TK]

[y
o
=
o
]




BSM WD cooling

Three Portal Model: results
101

DIS (Thomas et al)

EWPO

102

103 Myp=1M,, T=10°K _

9p|Upl>=10"° ]
-FDS>50% :
[ Fpg > 10% i
|:|FDS>1%
10_4 1 |||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I
10! 102 103 10% 10°

Mz' [MGV]
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BSM WD cooling

L, — L: results

--- Bauer et al. (2018) ) /
—— WD 50% |
— WD 30% .
WD 10% @
WD 1% a
10*3 4
5 BSM WD cooling
S
Borexino ,
______ e
i
] |
j |
| /
| ] Lu—L:
| !
i i Myp=1M,
BBN i, Twp =108 K
10-4 . [ ! .
1072 107!

1073
my [GeV]




BSM WD cooling

L, — L: results

Heavy case (m?, > Q2):

2 2
Fps = Z (C\C}’SM+BSM) /Z <C3’5M> -1

« «

4
~ 150 x 107 — 8
. <mA,/1 Mev>

2
gur
—1. 10° —SHT
06 > 10 <mA,/1 Mev>

The dark in the
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mf\, < Q% — propagator needs to consider M4 since
~ ~7), 1t Is In terms of the photon selt-energy:
d$)?/(d&)? ~ O(1073), it is i f the ph If

(d9)? + (d5)°

Ny (@) ~ = N2(Q) = rasm M4*(Q) (64)
M = FaPl + Gu Py (69)
Ultra light A’
v —i g#)\ _igﬂ)\
Dy Py PY 66
A Q2 . m/24/ . FA/ LA + Q2 — m/24/ 7 GA/ TX ( )
Q2
FA/ = I'BSM ? I'IZ (67)

GA/ = I'BSM I'I'-}- (68)




Ultra light A’

m?%, < Q%

Z(CS,SM+BSM(q))2 _

[

Z(CX,SM+BSM(q))2 _

[

where g2

(1 — rsm) @2

The dark in the
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dV

Gt (a7)?
+V26r g [2d0 3

(dev (6 () + £2)

Ultra light A’

e

+gur (CJ°M - C\T/SM)D
A\3

Al (6 (de)

~V26r g (G4 = ) 7

+ Grd? [ggT ~226r G Y CX’SMD
T (69)

dA
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Region where ma ~ wy: Zink
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Propagator exhibit poles, but:
> A’ self-energy still important

» A’ self-energy at T = 0 non-negligible: imaginary
part

Breit-Wigner propagator:

Resonant A’

—i(g" — q"q*/m?) v
@2 — m? — Re(F) — iIm(F) *
—i(g" — q"q*/m?) pv
@2 — m?2 — Re(G) — iIm(G) ™

Giw(Q%) =

(71)
_I_
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At T = 0, we consider the self-energy of light neutrinos after Zink

MS-renormalization:

ﬁNV(Q2) - _ (k3)2Q2 nv /1 dXX(l _ X)
A a7z ¥ & 0

(72)
x| mi
°8 m2 — x(1 —x)@?
such that:
Resonant A’
2
_ ka)
I I'I”,” 2y ( v 2 v
m(1)(@2) = 2@
a 2
_ (kl/) (wl2 — q2)2 phv (73)
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2
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(2472 (wi — *)Pr




The dark in the

Whole range of masses A’
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» WDs are an interesting place to search for
physics BSM and dark sectors

» Searching for new physics in WDs can be
a good training for further searches in
neutron stars or supernovae.

» We still need to link some of the Conclucions
predictions to experimental observables in
order to have proper constraints.
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> Constant energy of the cell: Er = —eV/(r) + /32%7,5,2)
» The density is: n. = 3"% = 3 (2me [EF + ev(n)])*?

> Poisson's eq.: V2V = 4re(n, — 6(3(0)), where:
lim,o rV(r) = Ze and lim,_,,, ‘2—\: =0

1/3
» Change of variables: r = (%) ag x = ux and

Er + eV(r) = 22400

Appendix

d2 3/2
dxf _ fl/z 6(0) = 1, ¢'(x0) = ¢(x0) /%0

(74)
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Thomas - Fermi equation solutions
R T e e

20— T L
[ — ¢'(0)= -2 1
— ¢/(0)= — 1.588071 |]
+ —¢'(0)=—-15 J
151 — ' (0)= —1 H
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< 1.0 b
0.5 -
0.0
| | P | 1
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Other limits on A’
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BBN: At masses below O(10) MeV the dark photon A’
contributes significantly to the heating of the neutrino gas
in the early universe leading to a too large number of
neutrino degrees of freedom, ANyg, during BBN.

NAG64.: by using a missing energy-momentum technique
with a high energy muon beam.

Borexino: from the measurement of the “Be solar neutrino
flux, masses of my ~ 10 MeV are excluded for
gur ~ 0.0005.

BaBar: from resonance searches in four-muon production,
high masses excluded.

Appendix

COHERENT: from measurements of coherent elastic
neutrino-nucleus scattering (CEvNS) with a Csl[Na] target,
high couplings excluded.

CHARM-II: from the search for neutrino trident
production, for masses ~ 100 MeV.
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