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Wess-Zumino-Witten interactions

What are the Wess-Zumino-Witten (WZW) interactions ?
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Computing the vertex

LCw-Z-F+w-dng-F




e O O EmHZN
Pion chiral lagrangian and WZW term

@ Pion chiral lagrangian for the pseudo scalar mesons

Isospin

2 R
Lo="FTr (DUTDMU + Ut +x1U) , U =277 /ix




e O O EmHZN
Pion chiral lagrangian and WZW term

@ Pion chiral lagrangian for the pseudo scalar mesons

Isospin

2 R
Lr=FTr(DUTD'U + Ux +x'U) ,  U=e277/ix

@ Gauging the chiral lagrangian:

D, =0,U—ir,U+1iUl,, r,(l,) =v,ta,,



e O O EmHZN
Pion chiral lagrangian and WZW term

@ Pion chiral lagrangian for the pseudo scalar mesons

Isospin

2 3
Lo= LT (DUDU+UN+X'U) . U= e2i0 7/ fx

@ Gauging the chiral lagrangian:
D, =0,U—ir,U+1iUl,, r,(l,) =v,ta,,

@ Problems! missing reactions: KK~ — 3w, m° — vv. Too many symmetries



e O O EmHZN
Pion chiral lagrangian and WZW term

@ Pion chiral lagrangian for the pseudo scalar mesons

U-spin \ / V-spin
3

Isospin

2
Le=FTr(DUDMU+ U +XTU) . U= e2i0 7/ fx

@ Gauging the chiral lagrangian:
D, =0,U—ir,U+1iUl,, r,(l,) =v,ta,,

@ Problems! missing reactions: K+ K~ — 37, 7 — v7. Too many symmetries
@ Solution: Wess-Zumino-Witten Phys. Lett. B 37 (1971) 95, Nucl. Phys. B 223 (1983) 422.

i
24072

Swzw = & / Prow, w= PO Tr (U, Uy, U, Uy, Uy) U, = TUT,U
D



e, O
Gauging the WZW term

@ Usual gauging procedure:
O — Dy, does not work



e, O
Gauging the WZW term

@ Usual gauging procedure:
O — Dy, does not work

@ Trial and error method
introduce: Lins C A“Jl’:‘ variation: oU =ie(z) [Q,U] or ow = Dye(x)J*

set §A — dw=—edA,J ",



e, O
Gauging the WZW term

@ Usual gauging procedure:
O — Dy, does not work

@ Trial and error method

introduce: Lins C A“Jl’:‘ variation: oU =ie(z) [Q,U] or ow = Dye(x)J*

set A — dw=—edA,J ",
@ Induces a conserved current
A 1
J“ - 4871'2 EHVPUT 8” Tr [{Q) UT} 8ﬂU UTaaU UTaTU:I .



e, O
Gauging the WZW term

@ Usual gauging procedure:
O — Dy, does not work

@ Trial and error method
introduce: Lins C A”Jf variation: oU =ie(z) [Q,U] or ow = Dye(x)J*

set §A — dw=—edA,J ",

@ Induces a conserved current
o
4872

e Full expression for Swzw (U, A,,)

o 9, Tr[{Q,U'} 0,U U'9,U U, U] .

- 2
K / d°z w— ke / dz A, J" + 21;2 / d*z ¢ A, (0,4,) [Tr({Q* UT}9,U) — QUQI,UT].
D

ie2 70
E

= F2etveBF,, Fap  We found the anomaly !



R S O O A b T
Repeat the procedure with non-abelian chiral subgroups

Nucl. Phys. B 223 (1983) 422: Witten, PhysRevD.30.594: Kaymakcalan, Rajeev and Schechter
a=dUUt  p=UMdU.
i
Twzw (U, A, Ar) = To(U) +C/TI’ {(ALQS +Arf®) - E[(ALQ)Q — (ArB)?

+i(ALUARUT0? — ARUTALUB?) 4+ i(dARdUTALU — dALdUARUT)
+i[(dALAL + ALdAL)o + (dARAR + ARdAR)B] + (A} a + A%B)
— (d.ALAL + ALd.AL)U.ARUT + (d.AR.AR + .ARd.AR)UT.ALU

1
+ (ALUARUT Apa + ARUTALUARB) +i [A%U.ARUT — ARUTALU — E(UARUiAL)Q] } .

What is the pheno in all those terms ? HHH:0705.0697, 0708.1281, Gardner, He: 1101.1128

871’0 vaf
487r2 - e FuAg

N,
7TVVZVV o 487?2 g% tan 0W erre Fll,llApZU




How to introduce vector mesons ?

LCw-F-..77 N }(\ -

Vector mesons not part of the U matrix ! How to introduce them 7

{ HHH: Phys. Rev. D 77 (2008) 085017

Introduce a background field B with QN of w,p: T'(U, A, + B,)

e Introduce B, ji; = 0,j" x € F4Fp (mixed anomaly in the vector current)



How to introduce vector mesons ?

LCw-F-..77 }a }(\ o

Vector mesons not part of the U matrix ! How to introduce them ?

{ HHH: Phys. Rev. D 77 (2008) 085017

Introduce a background field B with QN of w,p: T'(U, A, + B,)

e Introduce B, ji; = 0,j" x € F4Fp (mixed anomaly in the vector current)
e Maintain gauge invariance: HHH: Phys. Rev. D 77 (2008) 085017

[, = —S{ywe™(U =1,A, + B,) (Bardeen counterterms)

€e-BAOA — ¢€-BAOA =0 = three-legs GB term drop out
—— —

from WZW terms  from counter terms



How to introduce vector mesons ?

LCw-F-..77 }a }(\ o

Vector mesons not part of the U matrix ! How to introduce them ?

{ HHH: Phys. Rev. D 77 (2008) 085017

Introduce a background field B with QN of w,p: T'(U, A, + B,)

e Introduce B, ji; = 0,j" x € F4Fp (mixed anomaly in the vector current)
e Maintain gauge invariance: HHH: Phys. Rev. D 77 (2008) 085017

[, = —S{ywe™(U =1,A, + B,) (Bardeen counterterms)

€-BAOA — ¢e¢-BAOA =0 = three-legs GB term drop out
S——— S———
from WZW terms  from counter terms

@ Non-vectorlike: Recipe is

St = Swzw (U, Ar + B, Ar + Br) — I



How to introduce vector mesons ?

Background field method dictates HHH: Phys. Rev. D 77 (2008)
085017

Stan = Swzw (U, Ar + B, Ag + Br) — I,

Br = Bj, = g,w/2 = w — moy and [y, ngy

@ vertex y —w— 2

N¢
Mgggw tan Oy €77 Fw,Z,



How to introduce vector mesons ?

Background field method dictates HHH: Phys. Rev. D 77 (2008)
085017

Stan = Swzw (U, Ar + B, Ag + Br) — I,

Br = Bj, = g,w/2 = w — moy and [y, ngy

@ vertex y —w— 2
N¢
Mgggw tan Oy €77 Fw,Z,
@ vertex v —w — T

0, 0,
L o —2;—me“”“ﬁFWAB - —ng;—“ewﬁzrwwﬁ
T

™ ™

Pion-axion mixing: a — mg



e
Introduce the axion

@ The KSVZ or KSVZ-like axion
ag a ~ 1 5 1 9
L= £5M+cg—8 —fa(}’(}'—i——z (Opa)” — —2m NC

Cy=c¢qg=¢cy=0 But generated at loop level



e
Introduce the axion

@ The KSVZ or KSVZ-like axion
ag a ~ 1 5 1 9
L= £5M+cg—8 —fa(}’(}'—i——z (Opa)” — —2m NC

Cy=c¢qg=¢cy=0 But generated at loop level
@ Rotation to eliminate gluon coupling

(j(a) — e—2ik‘qc9a/faq—» mq(a> — 6—21',4%‘ch¢7,/famq7



Introduce the axion
@ The KSVZ or KSVZ-like axion

_ as a ~ 1 2 1 o5 4
£_£sm+c987rfaGG+2(8Ma) 5Mao

ao

cu=cg=cy=0 But generated at loop level
@ Rotation to eliminate gluon coupling

(j(a) — e—2ik‘qc9a/faq—» ’ﬁ’Lq(a) — 6—21',4%‘ch¢7,/famq7

@ The mixing angle for heavy ALP Aloni, Fanelli, Soreq, Williams 19’ PRL 123, 071801: Traditional
recipe

Mi—)fa - a;?l)L_PaMi—)fﬂo




Introduce the axion
@ The KSVZ or KSVZ-like axion

_ ag a ~ 1 2 1 o5 4
£_£SM+Cg87rfaGG+2(8”a) 5 Mao

ao

Cy=c¢qg=¢cy=0 But generated at loop level
@ Rotation to eliminate gluon coupling

(j(a) — €—2ik‘qc9a/faq—» mq(a> — 6—21',4%‘ch¢7,/fa1,)—,>Lq7

@ The mixing angle for heavy ALP Aloni, Fanelli, Soreq, Williams 19’ PRL 123, 071801: Traditional

recipe
Mi%fa = aﬁl)ll_PaMiﬁfﬂo
(]
1 fr (Ku — Kd)mQ mgr _ CﬁLp‘fﬂ -
071-0_(1 ~ 5% <2CGG m%_ — mg a5 — m72_r — mg AK = f—a, AR =0 (Tr[lﬂ}] = 1)



The mixing angle for heavy ALP

@ Build axion-pion lagrangian Bauer,Neubert, Renner,Schnubel, Thamm 20" :

kg unphysical but disappears in the sum! -
mz a..... {:
Ca'yfy = —1.9267 — m (cg5 +cy — Cd) ~
m?2 LD L
Jap = gO(Cu +cq + 2Cg) + gAm(Cu —cq + 2695) .a

~
0 <
~
p.n P
w0 :\



The mixing angle for heavy ALP

@ Build axion-pion lagrangian Bauer,Neubert, Renner,Schnubel, Thamm 20" :

kq unphysical but disappears in the sum! . 5
9 @ .. .o
m
Coy = —1.92¢ ——a<05+c —cd)
ayy YTz —mz \ u ~ ~
m2 pn, ’i._T.ﬂl

Jap = gO(Cu +cq + 2Cg) + gAm(Cu —Cq + 2095) . LA
™ a a” a

@ Consistent method: incorporate the axion as a background field Bai, Chen, Liu, Ma, arxiv:[2406.11948]

Y Y Y
a L, a L 7™
2 2 T T T
Canomalous —3 <—mTr cgd — M o™ Cd) IpolZ wlpylZ lwlpylZ
wya - 2 2 _ 2 9 2 _ 2 @lpo rlolp rlwlpy
87T m'/r ma m7r ma 2 (a) (b) ()




Computing the full interaction

=



R S O O A b T
Road to our Lagrangian

N light heavy
AN
Lwzw D (K;Qgggw tan&w) x eP? FL, w,Zy +...



R S O O A b T
Road to our Lagrangian

N light heavy
AN
Lwzw D (K;Zgggw tan&w) x eP? FL, w,Zy +...

Lnwn D N (i) — guw — My) N,



R S O O A b T
Road to our Lagrangian

light heavy
NC 2 nuvpo
Lwzw D Wgng tanfy | X € FowyZs +...
]

Lnwn D N (i) — guw — My) N,
@ Integrating out w, and Z,, : vertex YN Nvv

Nc 2 92 = _
Lint = <@92W‘]"W§ tan by | x €?7 F,, Nvy,Nivy,v



R S O O A b T
Road to our Lagrangian

light heavy
NC 2 nuvpo
Lwzw D Wgng tanfy | X € Fow,Zs +...
]

Lnwn D N (i) — guw — My) N,
@ Integrating out w, and Z,, : vertex YN Nvv

Nc 2 92 = _
Lint = <M92W‘]"W§ tan by | x €?7 F,, Nvy,Nivy,v

o vertex YNNa

eN. g2 (O
Ling = <CA247:2 m_?d> X €uvap ;a F"*N~PN



Emission of axions from SN

Photo-production of axions in Supernovae

w

With Sabyasachi Chakraborty (IIT-Kanpur) and Aritra Gupta (IFIC Valencia): 2403.12169

Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal Photo-production in supernovae and neutron stars September 4, 2024

13/32



The cooling argument in supernovae and SN1987A

@ Neutrino received during SN1987A:

Figure: Credit:NirCam JWST

Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal Photo-production in supernovae and neutron stars September 4, 2024 14 /32



The cooling argument in supernovae and SN1987A

@ Neutrino received during SN1987A:

@ Raffelt bound:

Qadditional 5 1019 erg 571971
P

Figure: Credit:NirCam JWST

Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal Photo-production in supernovae and neutron stars September 4, 2024 14 /32



The cooling argument in supernovae and SN1987A

@ Neutrino received during SN1987A:

@ Raffelt bound:

Qadditional 5 1019 erg 871971
P

@ This is a coupling constraint !

Figure: Credit:NirCam JWST

Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal Photo-production in supernovae and neutron stars September 4, 2024 14 /32



The cooling argument in supernovae and SN1987A

@ Neutrino received during SN1987A:

@ Raffelt bound:

Qadditional 5 1019 erg 571971
P

@ This is a coupling constraint !

@ We need: Emissivity ( =, energy per unit
of time and cc emitted Figure: Credit:NirCam JWST

Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal Photo-production in supernovae and neutron stars September 4, 2024 14 /32



How to carry energy away from the SN?

Supernovae extreme medium: PR el :35)
P ~
p~po, T ~30—50 MeV L,,L o SN
¢ .
A V\V\ Fd ACUREN
4 Ve Cd X LY
’ R\ ped 7S, .
' AN e a o <>'O . \)
;s ! N T & o N \‘
. : 7 1
oS P p 1
Lo “‘{:& 5
bremsstrahlung and pion conversion '| H A < ' )
v o . % RSN I
NN — NNa N7m — Na s N BN )
\‘ \‘ 0\6\\\ 'l ,
. SN ¢
What about the photo-production ? ‘e BN .,
LSRN %N e L
v N ‘9—'\"\ .
«,

- é?x <




Emissivities of the YN — Na

dE
QN7—>Na ~ / W_;E»%f'y(p'y) np U’yN—)Na(E'y) X E’y
N~ —,o ——
targets x-section energy escaping
o WZW Non-degenerate regime
QNN . 10° GeV'\ 2
—— =3~ 5604 gy Tyop15 | ——
1034 erg/s/cm fa N > > N
W




Emissivities of the YN — Na

dE
Qny—)Na%/ﬂ__g’yE»%f'y(p'y) np UvN—)Na(E'y>x E’y
N ——
targets x-section energy escaping
o WZW Non-degenerate regime
QNN Y 4w 109 GeV'\ 2
3~ 3604 g1 Tiopis | —F—
1034 erg/s/cm fa N > > N
o WZW Degenerate regime w
NN s 4o (10° GeV? 8 7 a
— 3~ 1.7C% gi0Tio| ——
103%erg/s/cm fa




Emissivities of the YN — Na

dE
Qny—)Na%/ﬂ__g’yE»%f'y(p'y) np UvN—)Na(E'y>x E’y
N ——
targets x-section energy escaping
o WZW Non-degenerate regime
Ny oo e P (109 Gev>2
1034 erg/s/cm® A 710 740 fa N > > N
o WZW Degenerate regime w
AN s 4o (10° GeV? 8 7 a
PP YRR L7 C% gaoTao| —F—
103%erg/s/cm fa

@ ND computation holds for T' > 30 MeV.




What is the value of g, ?

@ Large range of theoretical prediction:
g, € 8 — 60! MAMI and NA60 collabs

Target KTAG GTK

Zm)




What is the value of g, ?

@ Large range of theoretical prediction:
Jw € 8 — 60!

® 0yNN= (MAMI) and T,z (MAMI and
NA60) measured

320

:

"yn-mn) (ub)
g g

MAMI and NA60 collabs

Target KTAG GTK

Zm)




What is the value of g, ?

@ Large range of theoretical prediction:
Jw € 8 — 60!

® 0yNN= (MAMI) and T,z (MAMI and
NA60) measured

320

MAMI and NA60 collabs

:

"yn-mn) (ub)
g g

0 . L
180 340 660 820

500
E (MeV)

Target KTAG GTK

o Consistent with g, ~ 8 — 12

Zm)




What is the value of g, ?

@ Large range of theoretical prediction:
Jw € 8 — 60!

® 0yNN= (MAMI) and T,z (MAMI and
NA60) measured

320

MAMI and NA60 collabs

:

"yn-mn) (ub)
g g

0 . L
180 340 660 820

500
E (MeV)

Target KTAG GTK

o Consistent with g, ~ 8 — 12

o Data driven method available: GlueX Aloni, ) q _ i _' m
Fanelli, Soreq, Williams: PRL 123, 071801 o




Data-driven photo production

C
® O\NsNa = ‘%O”YN%Nﬂ‘m E > 145 MeV
320

Fewof (520372
? 160 N(1536)1/2" ]
g .
i: si b N(1440)1/2

180 500 820

E (MeV)

a(yp>np) (ub)

]
T

160
E (MeV)



Data-driven photo production

® TN Na X %@N%NWO, E > 145 MeV
® 0 N_Nr, is measured for £ > 145 MeV 20
Fewof Nszops/z|
;;: 160 N(1636)1/2" ]
gg sk N(1440)1/2*
)
180 E ?ﬁg") 820

a(yp>np) (ub)

]
T

160
E (MeV)



Data-driven photo production

o oyNNa ~ LA N Ny, B> 145 MeV
® 0 N_Nr, is measured for £ > 145 MeV
@ Axion emissivities:
N—N 2
data ~ Cal0? xp15Tep™
1.6 x 1033 cm—3s~lerg fa/GeV

B T T TR TR TR 20

0 35 ®a a5 W0 85 B 45500
E, (MeV)

T (MeV)

: &

o*yn-+m'n) (ub)
g B

A(1232)3/2°

N(1440)1/2*

Naszoa/e-| ]

N(1636)1/2" ]

0
180

s

340

500
E (MeV)

660 820

a(yp>np) (ub)

]
T

160
E (MeV)




Data-driven photo production

~ C
® OyN—Na = fxCa

faAO',yN_>Nﬂ-0, E > 145 MeV
® 0 N_Nr, is measured for £ > 145 MeV

@ Axion emissivities:

NN 2
data ~ Cal0? xp15Tys"
1.6 x 1033 cm—3s~lerg fa/GeV

102

109

10

B T T TR TR TR
E, (MeV)

300 5 #0600 85 B0 435 500
T (MeV)

@ The data-driven piece dominates if g, < 20:

G ~ 12

Qdata,ND ~ 10 WZW
N~y—Na N~y—Na

o*yn-+m'n) (ub)
g £ B

8

A(1232)3/2°

N(1440)1/2*

Naszoa/e-| ]

N(1636)1/2" ]

0
180

s

340

500
E (MeV)

660 820

a(yp>np) (ub)

]
T

160
E (MeV)




Emissivities of the v/N — Na: further subtleties

@ Absorption via aN — YN or NNa — NN:
e >
1 1 . '% - .Kg e ~
LU/%F +F 'l' ‘4'— .~~~ :SXJ
aN—~yN NNa—NN 'L% R o
2 " I" \\} T \\
[apn—pn 102 fa E, RERRES R N
Y ~ 2 9 CoUNe T a % AR
. > o) Y
10 Km XpC2, \10°GeV ) 1 GeV N : N & e Y
. o ’ '{\0(\ // v 1
C
We cut if Ly < Rear ~ 10 km L RS )
[T L |
[ “ B T/b(. RSN ,' N
A A Y Oe "ll K/\‘ ‘\ ’
L WY % ¢ !
N 4
L % S’
s o ? ‘
S N
‘s AR /?9 e’ ’
N PRI
- ",




Emissivities of the v/N — Na: further subtleties

@ Absorption via aN — yN or NNa — NN:
e
1 1 L .Ksr “-.
La ~ + P ‘f—— .'~~ :SXJ
Fanoyn  T'NNasnN 'L,,Z e SO,
¢ 4 -~
Lapn—pn 102 f ) . "' 4 ‘\\\
- ~ - - LR a ..é% A
10 Km Xngp 109GeV /| 1 GeV ! *’ N . '
] 7 ; 1
. o (;{\0(\ e v b
We cut if L, < Rgar ~ 10 km ' lei:;o 1l
- . L]
o Lapse effects: Caputo,Janka, Raffelt, Vitagliano: B \ . L%. Rey ',
I )
2201.09890 PR N A
v N Q\v(,\\ ¢ 7
00 SN BN W "
Eoo = Femission X & Ny = MNemission X & ‘\X‘Y' .. O)’o'\\ 9 .
EN . O XN
. ~ 4 \"

—— Qoo = OéQQemission :g.

a(M,r)~\/1—2M/r




Emissivities of the v/N — Na: further subtleties when axions are massive

Z‘LQ === f. N Massive axions regime
6" R iemma = RS .
or s -.. :lf @ Redshift effect: Caputo,Janka, Raffelt,
. -~ A . .
-‘?1 e NN Vitagliano: 2201.09890
A ARUREN
4 4 7 e Ay
e 7 a &:?o N
po Y 2 . ~
' l' N 1 ¢ \}90 ‘\ ‘l Q dE
: ' /\[\S\!&O(\ A/ v 1 ma/a
I > 1
" Y © |
0 R "
“ 1‘ e@\) . W/i{. SN 'l 'l
“ . ,
. AN R
PO AN R
A A ) LAY 4
ST N
RS kS ‘:\"




Emissivities of the v/N — Na: further subtleties when axions are massive

Massive axions regime

’/' ‘Z‘?— """ ..'\\(Sf @ Redshift effect: Caputo,Janka, Raffelt,
L ~ -
“?’("/ oot Vitagliano: 2201.09890
l' 'l;@/f%%{f» 2 \\ \\
’ e 9, AN
', "l N o N ’fa ‘,.-4-»\\'?.!080 \‘ “‘ Q ~ / dE
oy = S o ma /o
. vdi;{\) > | o
v % R A @ Decay of the heavy axions:
. N e SN
. o> . )
ERRANY KON A . 4 x 10" km E,/100 MeV
LN . DA — ~ —
f LN T (G /10-9GeVT1)2 (Mg /100 MeV)*
Cooling if Loy > Rsn




Impact of the photo-production on axion constraints for KSVZ model

Contribution from photo-production to the emissivity for QCD axion

10! -
e g
| —— yn — na (Fit) |
1004 === np = npa —=="
| — = 7 p—na =
o) | -
g | 'p — pa - =
~ 1 -t =T e
= 10
<1
-
< -
= 1
= 1072
X
< e
—0.6
10—3 — \(2/0
1074
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Impact of the photo-production on axion constraints for KSVZ model

Contribution from photo-production to the emissivity for massive ALPs

- Belle

Beap, D”"‘Ip
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10!
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10°

Figure: Lella, Carenza, Co’, Lucente, Giannotti, Mirizzi, Rauscher



Emission of neutrino from NS

Photo-production of neutrino in NS

With Sabyasachi Chakraborty and Aritra Gupta: 2306.15872

Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal Photo-production in supernovae and neutron stars September 4, 2024 23 /32



e, O
WZW could contribution to NS cooling !

First computation of Ny — Nvw in [Harvey, Hill and Hill, arXiv:0708.1281 |

log Q"™

log(T,)

But neglect the degeneracy effect ...
Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal  Photo-production in supernovae and neutron stars ~ September 4, 2024  24/32



R S O O A b T
How do we compute the emissivity from a star ?

@ Emissivity computation for YN — N X

&p. g £y (py) &py, d® )id®
Ny—>NX _ D~y G~y v Py gNA"PN, G PN, PXx; E
Qeooting = / (2m)32E, / (27m)32En;, (27)32Ey, H/ 21)32E%, (M) Z i

IN(EN) (1= fn(Eny))S(Eyr — B2 — Qo) 6° (P — 2 — ) - (1)




R S O O A b T
How do we compute the emissivity from a star 7

@ Emissivity computation for YN — NX

NyoNx _ [ @pygyfy(Dy) gnd®pN, dpn, Vid®px,
QC"Z““g :/ (2AY71')’Y32WEAY’Y / (2m)32EN, (27)32E N, H/ 2m)32Fx, (ImP? <ZEX>
IN(EN,) (1 = fn(Eny))S(Eyr — By — Qo) 8°(Py — P2 — @) - (1)

@ How to compute:

3 3
/ INEPN PN, ey (12 f(E,))

(27)32Ey, (27)%2E,




R S O O A b T
How do we compute the emissivity from a star 7

@ Emissivity computation for YN — NX
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How do we compute the emissivity from a star 7

@ Emissivity computation for YN — NX

d3p g £ (D) d3pn, d3 )4d3
Ny—=NX _ Dy G~ Ty Py gNA"PN, G PN, PXx; E
Qeooting ~ = / (27)32E, / (27)32By, (27)32E N, H / 21)32Ey, (M%) Z X

IN(EN,) (1 = fn(Eny))S(Eyr — By — Qo) 8°(Py — P2 — @) - (1)

@ How to compute:

3 3
/ INEPN PN, ey (12 f(E,))

(27)32Ey, (27)32E,
@ Degenerate case: (1 — fy(En,)) < 1: &= % >1
o Non-degenerate case: (1 — fn(En,)) — 1 k1
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Degenerate computation
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Standard cooling NS paradigm

e mURCA: nn — npev,, npe—nnu, .

8
QmURCA ~ 1026—29 (15\/) erg S—l Cm—3
(§]

@ Bremsstrahlung
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Conclusions and outlook

N—>—F—>——N

@ Several new photo-production from anomaly: vyN — Nvv, vyN — Na, ...ect.
@ In SN, yN — Na subdominant: but what about large m, ?

@ In SN, Nv — ~vv, likely always subdominant wtr to traditional channels.

@ pheno of WZW: "Circulez, Y’a rien a voir"?
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Better keep exploring: Harvey Hill Hill arxiv:0712.1230
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In medium effects

psN ~ few pg

! UL L L L @ The Brown-Rho scaling Brown, Rho 91’
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Figure: Credit: Raffelt
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Figure: Credit: Raffelt

psn ~ few pg
@ The Brown-Rho scaling Brown, Rho 91’

ga dependence: Voskresensky 01', Raffelt 01

galga~1/(1+ (1/3)(my /mn)(p/po)"?)

@ For NN — NNa: very mild
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o For data-driven 77
Miguel Vanvlasselaer (with Aritra Gupta (IFIC) and Sabyasachi Chal  Photo-production in supernovae and neutron stars ~ September 4, 2024  31/32



Can we observe the axions emitted from the supernovae

Bremsstrahlung peak: E, ~ 1.257 ~ 50 — 60 MeV w
Photo-production peak: E, ~ 61 ~ 250 — 300 MeV Lo
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