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Types of Supernovae

Thermonuclear Core collapse
SUPErnovae SUPErnovae
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Types of Supernovae

Thermonuclear Core collapse Freezer (DBZ)
supernovae supernovae supernovae
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Types of Supernovae

Core collapse Freezer (DBZ)
supernovae supernovae
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Core collapse Supernovae

® Gravitational collapse of the Fe core.
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Core collapse Supernovae

® Gravitational collapse of the Fe core.

® Formation of a proto neutron star (PNS) -~ Bounce
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Core collapse Supernovae

® Gravitational collapse of the Fe core.

® Formation of a proto neutron star (PNS) -~ Bounce

® Explosion assisted by v's » 99% of 10 erg radiated by v’s
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Core collapse Supernovae

® Gravitational collapse of the Fe core.

® Formation of a proto neutron star (PNS) -~ Bounce

® Explosion assisted by v's - 99% of 10° erg radiated by v's

® Average v energy of 10 MeV, duration of pulse of 10 s
G. Raffelt “Stars as Laboratories of Fundamental Physics” (1995)
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Core collapse Supernovae: SN1987A

® Gravitational collapse of the Fe core.

® Formation of a proto neutron star (PNS) -~ Bounce

® Explosion assisted by v's - 99% of 10 erg radiated by v's

® Average v energy of 10 MeV, duration of pulse of 10 s
G. Raffelt “Stars as Laboratories of Fundamental Physics” (1995)

® Supernova observed in the Large Magallaenic Cloud (50 kpc)
detected in 1987. Hints of NS1987A P. Cigan et al. arXiv:1910.02960

NASA, ESA, P. Challis and R. Kirshner
(Harvard-Smithsonian Center for Astrophysics)
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Core collapse Supernovae: SN1987A

® Observed v’'s: Average energy ~10 MeV, duration of pulse ~10 s
Koshiba, M. Phys. Rept. 220, 229 (1992)
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Core collapse Supernovae: SN1987A

® Observed v’'s: Average energy ~10 MeV, duration of pulse ~10 s
Koshiba, M. Phys. Rept. 220, 229 (1992)

® New PNS cooling mechanism can alter the duration of the v pulse
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Core collapse Supernovae: SN1987A

® Observed v’'s: Average energy ~10 MeV, duration of pulse ~10 s
Koshiba, M. Phys. Rept. 220, 229 (1992)

® New PNS cooling mechanism can alter the duration of the v pulse

®SN1987A cooling bound: Ly <L, =3 x 10°? ergs™!

Raffelt, G.G. Phys. Rept. 198, 1 (1990)
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Strange cooling mechanism
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

® /\ decay to a massless dark boson X°
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

® /\ decay to a massless dark boson X°
® Spectrum of dark cooling rate

u i N u
dQ) mAiTw [
ANd , dn = A2_/ dE fa(l— fp)
. e q dw  2m0 Jg,
‘xhx XG
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

® /\ decay to a massless dark boson X°
® Spectrum of dark cooling rate

u u

> > , -
d d dQ mAFOJ

A - > n — 5 db fA(l _ fn)

) q dw  2m0 Jg,

o 8- -

o . ® [': A — n XY rate in vacuum
N f @® / : Fermi-Dirac distributions
® Lo : Minimum energy to produce X° with w

@  : Energy of X°in Arest frame
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

® /\ decay to a massless dark boson X°
® Spectrum of dark cooling rate
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o . ® [': A — n XY rate in vacuum
N f @® / : Fermi-Dirac distributions
® Lo : Minimum energy to produce X° with w

@  : Energy of X°in Arest frame

® Approximations:
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

® /\ decay to a massless dark boson X°
® Spectrum of dark cooling rate

L L
d miTw [
Ao . . 9n ey / 4B fu(1 — f,)
S i - : d Eq
S o ® [': A — n XY rate in vacuum
N fﬁ @® / : Fermi-Dirac distributions
® Lo : Minimum energy to produce X° with w

@  : Energy of X°in Arest frame

® Approximations:
@ Nonrelativistic

@® Ignore Pauli blocking
@ Free Fermi gas approximation
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Strange cooling mechanism: Hyperons!

® PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

® /\ decay to a massless dark boson X°
® Spectrum of dark cooling rate

u u
d miTw [
Ao . . 9n ey / 4B fu(1 — f,)
s e, d Eo
S o ® [': A — n XY rate in vacuum
N fﬁ @® / : Fermi-Dirac distributions
® Lo : Minimum energy to produce X° with w

@  : Energy of X°in Arest frame

® Approximations:

@ Nonrelativistic .
@® Ignore Pauli blocking Q ~ np(my — my)l >~ n,(my —my,)le” A
® mpx—m, <m,

@ Free Fermi gas approximation

Martin Camalich et al. PRD 102 (2020) 1, 015023
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Reabsorption and trapping

® However, X° could be absorbed by the inverse process.
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Reabsorption and trapping

® However, X° could be absorbed by the inverse process.

® From the detailed balance analysis we get the mean free path and
the optical depth.

.21“ o0 o0
Aol = ﬂ_?'-’“‘*z / dE(1 — fa) fn — T(w, ) :/ Mo (7))t

. [ S |
Rt Eqy
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Reabsorption and trapping

® However, X° could be absorbed by the inverse process.

® From the detailed balance analysis we get the mean free path and
the optical depth.

.21" o0 o0
Aol = ﬂ_?'-’“‘*z / dE(1 — fa) fn — T, T = / Mo (7))t
Ey T

® This affects the total luminosity

Ld—/dg_}/ dw

—T(w r
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Reabsorption and trapping

® However, X° could be absorbed by the inverse process.

® From the detailed balance analysis we get the mean free path and
the optical depth.

.21" o0 o0
Aol = ﬂ_?'-’“‘*z / dE(1 — fa) fn — T, T = / Mo (7))t
Ey T

® This affects the total luminosity

Ld—/dg_}/ dw

—T(w r

® In the strong coupling limit: A << R

7.‘.3

Li = —
30

Js R?chil
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Supernova simulations and EoS

® \We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104
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Supernova simulations and EoS

® \We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (M) mass (M) mass (M)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707
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Supernova simulations and EoS

® \We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (Mg) mass (Mg) mass (My)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707

® Two EoS: Lattimer & Swesty and Steiner, Hempel & Fischer
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Supernova simulations and EoS

® \We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (Mg) mass (Mg) mass (My)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707

® Two EoS: Lattimer & Swesty and Steiner, Hempel & Fischer
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Supernova simulations and EoS

® \We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (Mg) mass (Mg) mass (My)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707

® Two EoS: Lattimer & Swesty and Steiner, Hempel & Fischer
@ But this EoS not include hyperons
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Supernova simulations and EoS

® Eo0S with hyperons: LS220A and SFHoY
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Supernova simulations and EoS

® Eo0S with hyperons: LS220A and SFHoY

® Consistent with the SN simulations?
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Supernova simulations and EoS

® Eo0S with hyperons: LS220A and SFHoY

® Consistent with the SN simulations? YES
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Supernova simulations and EoS

® E0S with hyperons| *tsaenasions |@and SFHoY

® Consistent with the SN simulations? YES
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Supernova simulations and EoS

® \We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS gra®

/ Model name  of state  mass (M) mass (Mg) mass (M)
SFHo-18.8

SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707
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Supernova simulations and EoS

Bollig et al. PRL 125 (2020) 051104

the simulations

® \We use latest 1D SN1987A simulations

® With CompOSE database we include this EoS with hyperons In
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Dark luminosity

10%¢
10
N 54
w 10
=X
2, 10> et
3 e

LS220

102
——— SFHo-18.8
105 e - SFHo0-20.0
7 e, SFHo-18.6 |
050 Lol L vl Ll Ll Ll L vl T
107  10° 10® 107 10°® 10> 10
BR(A->nX?)

Jorge Terol Calvo - IAC & ULL

Supernova constraints on dark flavored sectors

38



Dark luminosity

0%}

s B NN N NN S Em m o m mm w mm momm W

SFHo-18.8 |
..... - SFH0-200
........ SFHo-18.6 -

10°° 10® 107 10° 10> 10
BR(A->nX?)

BR(A = nX") <80 x 107

Jorge Terol Calvo - IAC & ULL

Supernova constraints on dark flavored sectors

39



Dark luminosity
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Flavoured dark sector

® Portals can have a rich flavour structure.
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Flavoured dark sector

® Portals can have a rich flavour structure.

Dark Flavour exists:

=
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The massless dark photon
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The massless dark photon

@ Not tree level couplings to SM fermions
Holdon, PLB 166 (1986) 196, del Aguila et al. NPB 456 (1995) 531

/
Ay A
€ / 6’
EE€
@ ®
SM DS

Fabbrichesi et al., arXiv: 2005.01515
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The massless dark photon

@ Not tree level couplings to SM fermions
Holdon, PLB 166 (1986) 196, del Aguila et al. NPB 456 (1995) 531

Ay A, ® Couples through higher dimension operators

1 ~ _
WP”V(qLO'MVCMHMR + aLO'MVCdeR + lLO"“"CeHeR + H.C.).

/ Dobrescu, PRL 94 (2005) 151802

Fabbrichesi et al., arXiv: 2005.01515
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Flavoured dark sector

® Portals can have a rich flavour structure.

Dark Flavour exists:

® The massless dark photon

@ Not tree level couplings to SM fermions
Holdon, PLB 166 (1986) 196, del Aguila et al. NPB 456 (1995) 531

Ay A, ® Couples through higher dimension operators

1 ~ _
WP”V(qLO'MVCMHMR + aLO'MVCdeR + lLO"“"CeHeR + H.C.).

/ Dobrescu, PRL 94 (2005) 151802

SM DS ——@ Can arise in models with a natural origin for
flavor.

Fabbrichesi et al., arXiv: 2005.01515 _ _
apbric Fabbrichesi et al. PRL 119 (2017) 031801
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The axion
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The axion

® The axiflavon - solution to flavour puzzle + QCD axion
Wilczek PRL 49 (1982) 1549, Calibbi et al. PRD 95 (2017) 095009
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The axion

® The axiflavon - solution to flavour puzzle + QCD axion
Wilczek PRL 49 (1982) 1549, Calibbi et al. PRD 95 (2017) 095009

——@ QCD axion with non universal PQ charges

7 (UF X0 £+ (UR X0 E) £

Di Luzio et al. Phys.Rept. 870 (2020) 1-117

L, =
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Flavoured dark sector

® Portals can have a rich flavour structure.
Dark Flavour exists:

® The axion

® The axiflavon - solution to flavour puzzle + QCD axion
Wilczek PRL 49 (1982) 1549, Calibbi et al. PRD 95 (2017) 095009

——@ QCD axion with non universal PQ charges

7 (UF X0 £+ (UR X0 E) £

Di Luzio et al. Phys.Rept. 870 (2020) 1-117

L, =

———@ Radiative SM corrections generate flavour violation
H.H

-

’ . Martin Camalich et al. PRD 102 (2020) 1, 015023

! 1
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The QCD axion

Oua

P —
L, o,

Jorge Terol Calvo - IAC & ULL

- . VA _ V,A
ID@’Y”(C};WLCE?%)% with Fsd’ = 2fa/CSd
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The QCD axion

o.a

® L, =

_ _ VA _ V,A
2 f ID@’Y”(C};WLCQ%)% with Fsd = 2fa/CSd

FVY>71x10°GeV  F2 > 52 %107 GeV
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The QCD axion

10

® L, =

Oua

2fa

F; [GeV]

_ _ V,A __ V,A
wi’V”(CgﬂLCé%)% with Fsd :2fa/csd

1012 101! 1010 10°

F% > 52 x10° GeV

Fe | Fy | Fy(prosp) |

10-6

Jorge Terol Calvo - IAC & ULL

105 104 103 10-2
m; e [€V]

10°

Martin Camalich et al. PRD 102 (2020) 1, 015023

Supernova constraints on dark flavored sectors

53



The QCD axion

Oua

_ _ V,A __ V,A
® L, = ww”(ciﬁc;f}%)wj with Fsd — Zfa/csd

2fa

F; [GeV]
1013 1012 101! 1010 10° 103 107 106 10°

F% > 52 x10° GeV

‘ ‘ ‘ |Fe |Fy  Fy@rosp) | Fy ‘
(U 1073 10~ 1073 1072 1071 10° 10!
M, et [€V]
Martin Camalich et al. PRD 102 (2020) 1, 015023

® Strongest limit on the axial couplings of axions to SM fermions!
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The ALP
1

® Larp=Ly+ 5™

Jorge Terol Calvo - IAC & ULL

2 2
o
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The ALP
1

o EALP = ['a —+ 5?7’13&2

® Approx. the same bound as QCD axions except for7m, = ma — My
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5)(109’
—_ \
> \
3 !
e |
W . |
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. Axial I
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I
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The ALP

1
o ﬁALp = ﬁa —+ 5?7’13&2

® Approx. the same bound as QCD axions except for7m, = ma — My

® |n the region 100 MeV< M, < 150 MeV SN gives a more competitive
bound (Vectorial)
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NA62 Collab. JHEP 03 (2021) 058
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The Dark Photon

1 - iy Y y
® Ly =gt (CV+iC%) ¥k,
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The Dark Photon

I - ¥ 1] /
@ E,}/r = —in'lM/ ((C?J _|_Z.C5j’75) ij,uu

AUV

AUV ,Z 1.2 x 1010 GeV

(Assuming (|C**[? 4 |C*[?) ~ 1)
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The Dark Photon

1 - G i
® Ly= gt (CV+iC%s) i F

Auvv 2 1.2 x 10! GeV

e
Co)

qq
C)

Cfg) A — ny
A —ny (SN)

103 10* 10° 10° 10’ 108 10° 1010
Auv/|Cs)| (GeV)
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The Dark Photon

1 - G i
® Ly= gt (CV+iC%s) i F

e
Co)

qq
C)

C‘é_.f) A — ny
A —ny' (SN)

Auvv 2 1.2 x 10! GeV

103 10* 10° 10° 10’ 108 10°
Auv/|Cs)| (GeV)

® Strongest limit on quark couplings!
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Takeaway message

® Astrophysics can be a great source of information on new
physics scenarios including flavour
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Takeaway message

® Astrophysics can be a great source of information on new
physics scenarios including flavour

Flavour hvsics

=
_ Astro
Phisics n
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