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Executive Summary

 Supernova 1987A reached extremely high
temp ~ 30 MeV and density ~ 3x1014g/cm?”
and was necessarily “powered” by neutrinos

e an axion with a large [small] fa would have
not been produced [gotten trapped]

e Intermediate fa would “defuse” neutrinos

I~ mnx(110 MeV)3 ~ mnx0.17fm3]



Axions In SN1987A

e Amfpy ~ 1/(nn GF2 T2) ~ Tm x (radius/10km)8 —
neutrinos diffuse until radius ~ 40km

 Atr ~ 40km they are emitted with a blackbody
spectrum of Ly ~ 10%2 erg/s



Axions In SN1987A

e Amfpy ~ 1/(nn GF2 T2) ~ Tm x (radius/10km)8 —
neutrinos diffuse until radius ~ 40km

 Atr ~ 40km they are emitted with a blackbody
spectrum of Ly ~ 10%2 erg/s

¢ La -~ VOI Yp Cp2 nN2 ON T3/ f32 ~ Lv X (fa/1 09 GeV)2
— axions “compete” if their decay constant
is < 10°GeV (or ma > 10-11 GeV = 102 eV)



Bounds: Expectation

Because the environment is so hot and
extreme, but the criterion Is so coarse,
SN1987A bounds on a given model are
generically entirely below the terrestrially
accessible regions of parameter space



How the bound works
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Novelt(ies) in our work(s)

* Novel treatment of large mixing angles (blackbody
emission underestimates the emission of bosons,
not using optical depth ~ O(1) for fermions)

e Systematic uncertainties from progenitor profile

* Chiral effective theory results for nuclear matrix
element to which axion couples
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Novelt(ies) in our work(s)

Introduces factor ~ few error bar
* Novel treatment of large [Foons = Sy

emission underestimatgs th
not using optical de ~ O(1) for fermions)

* Systematic uncertainties from progenitor profile

* Chiral effective theory results for nuclear matrix
element to which axion couples



Novelt(ies) in our work(s)

o
NO\./eI.treatment weakens constraints ~ order of magnitude
emission undereStiiiactee o SO,

not using optical de
e Systematic uncerta'ﬁfies from progenitor profile

» Chiral effective theory results for nuclear matrix
element to which axion couples
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Broad(est possible) Picture

Supernova 1987A:

~ 99% of the grav. binding g
energy of a collapsing blue LA S
supergiant radiated away In £ |
the form of neutrinos over
the course of ~ 10s

spacetelescope.org



http://spacetelescope.org

Why Supernova 1987A?

e Cooling phase is consistent with
analytic expectation

e ...but wouldn’t be if a new
“energy sink” competed with
Standard Model processes

e Limited amount of luminosity may
be diverted to novel particles <

bounds on new coupling with SM

Credit: Colin Legg
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Why Supernova 1987A?

Kamioko

Kamioka

A With convection
B . Without convection

6 7 8 9 10 11 12
Time (seconds)

Burrows and Lattimer, 1987

e Cooling phase is consistent with
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Why Supernova 1987A?

Fischer et al 1605.08780

(a) s18:

e Cooling phase is consistent with
analytic expectation

e ...but wouldn’t be if a new
_ “energy sink”
(radius) Standard Model processes

e Limited amount of luminosity may
be diverted to novel particles <

bounds on new coupling with SM

Credit: Colin Legg
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e Cooling phase is consistent with
analytic expectation

e ...but wouldn’t be if a new
“energy sink” competed with
Standard Model processes

. amount of luminosity may
< | be diverted to —
on with SM

Credit: Colin Legg



Outline

|. Knowns and Unknowns of SN1987A

l1]. Results and Future Directions



Basics of the QCD Axion

a particle that solves the strong CP problem
can be produced coherently as dark matter
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Basics of the QCD Axion

a particle that solves the strong CP problem
necessarily couples to nucleons at low energy

X g CN -
i G"’ G d,alN~Y'vs N
87 fa el

helpfully, this is the same nucleon current
that neutrinos (dominantly) couple to:

L~ GFP’VMPLVN(CV — CA”Y5)”}/’LLN
|——— 2

| nonrel.

ce (G C=



Basics of the QCD Axion

a particle that solves the strong CP problem
necessarily couples to nucleons at low energy

Cn -
/G D G“ e 0,aN~Y"vs N
v 7, i
from this, we can get an interaction rate

(equivalently, a mean free path) for bremsstrahlung




Basics of the QCD Axion

a particle that solves the strong CP problem
necessarily couples to nucleons at low energy

X g CN -
i G"’ G d,alN~Y'vs N
87 fa el

calculate axion rates using this
Lagrangian and the improved matrix
element for the nuclear spin flip rate
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Particle Luminosity

energy lost rate at which
In a’s per a’s are
unit time produced

dl, = e "dP



Particle Luminosity

energy lost rate at which
In a’s per a’s are
unit time produced
=
g e P
odds of

escaping



Power and Optical Depth

wrprod

differential power AP A3 L
Is the integral of == /
(2m)3

production rate: dV

not all power gets out Ryar
because of a nonzero 7 — / |ies (7“’ )dr’
.

“optical” depth:

by detailed balance, [Nprod = €T ["3ps, SO calculate Nabs only
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Axion Bremsstrahlung Rate

Iy CEY;Y- W TLQBO'n i
Faj = 4f§ . 2 w2p /foyp’yx

Orpr = 4as \/ 7T /m3

In the free-streaming limit,

d>p 10°%erg C? Mg\ 2
Vol x gl e (—a>
g / (277)3w sec  Chayy \€V TP X




Axion Bremsstrahlung Rate

o2V V- 2
C Y Y; wngponpr

Il — 72 2 o 0

Orpr = 4as \/ 7T /m3

cuts off low-energy
divergence

d>p, 10°%erg C _ _ 1
b / (27T)3wra ~ T sec Cie T T (v ) /40

In the free-streaming




Axion Bremsstrahlung Rate

o CQYY wn O
FZ] —— BY npm

Onpr = 402 /7T fm,

' : ts for mnz0
in the free-streaming “°°2, >

d3p 1056 erg CQ m 5
Vol X R (_a>
O / (27.‘.)3(,0 sec CI%SVZ oV Y VDV x




Axion Bremsstrahlung Rate

CZQYLYJ W nQBUan

1)
I, —

Orpr = 4as \/ 7T /m3

: - _corrects rate to agree
In the free-streaming . "\s) o YEFT calc.

series of papers by Schwenk, Pethick, and many collaborators:

0812.0102, 1112.5185, 1403.4114, 1608.05037
J \ </ }v SCC (/f{SVZ \NCV /



* Yy sSummarizes XEFT

 calculations ca. 1988

e this is LO in chiral

XEFT (& what is vx’?)

calculations

were done for
exchange of a single
massless 1

effective theory
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Cancellation in XEFT

Stable beyond NLO

Bacca, Hally, Pethick, Schwenk
0812.0102

—— LO (=one-pion exchange)
NLO

N°LO
= N'LO




Dependence on Density and Y,

Nontrivial dependence on proton number
(deuteron production resonance):

Bartl, Pethick, Schwenk 1403.4114



Ratio vs the LO result

:III‘-l I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T T TTTHS

Y =0.01
Y =0.05
Y =0.1

c

const. extrapol.
Bartl, Bollig,

Janka, Schwenk [
1608.05037 '
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Similar physics known for
~0(20 years)

ldentical nucleons |— 7-1wev

—-—- T=10 MeV Sigl 1997
0.3 ——— T=20MeV

np scattering

Hanhart, Phillips,
Reddy 2000
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Supernova Thermo

“tiducial model” (Raftelt, 1995)

Pc= Mn(100 MeV)3, Tc=30 MeV, Yp= 0.3

. L A gl L = T e
p(r)_pcx{ (r/R)™  r>R

5 1 +kr(1—r/R.) <R,
T(T) s { (T/}zc)_y/3 r > R



Uncertainties

“fiducial model” differs from sims by ~O(few):

0 0.5
r/R,

—— Fischer 18M —— Nakazato 13M 4

value of Rt (important for optical m
depth, T(r)=] & ’(r) dr’)

Possible values for R,y
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Luminosity vs. Coupling

fo - Cxsvz/C |GeV] fa - Cxsvz/C |GeV]
10? 108 107 109 10° 10%

107 108 107 106 10° 10* 103

— - thermal — fiducial (uncorr.)

— uncorr. | /A — fiducial

-= / m== [ischer, 11.8 M
e YV m== Fischer, 18 M
m— YYDV == Nakazato, 13M




Constraints

fo - Cxsvz/C |GeV]
10? 108 107 100 10° 104

(luminosity) (counts)

PDG (2016)

fiducial  —
Fischer, 11.8M ) t———
Fischer, 18M
Nakazato, 13M




Hadronic Axion

fa (GeV)
10771010 10"10"10'10" 10" 10° 10® 10" 10° 10° 10* 10° 10 10’

Dark Matter (pre-inflation PQ phase transition) LUX (gaee: DFSZ)
Dark Matter (post-inflation PQ phas- Hot-DM / CMB / BBN
- Cigs

10° 10!
my - C / CKSVZ [CV]

Black Holes HB Stars in GCs (Gp,, DFSZ)

I CAST

107107102 10 107 10° 10° 10% 102 102 107" 10° 10" 10% 10° 10* 10° 10°
Axion Mass m, (eV)

“hadronic axion window” seems to be ruled out



Different Models

Lightning Round!



Axion-Like Particle

Fiducial
Fischer, 11.8 M

Fischer, 18 M
Nakazato, 13M

couples to all SM fermions ~ mass but mafazmnfr



Dark Photon

SN1987A ‘ terrestrial

late
decays l/

= fiducial
systematic
robustly excluded




Millicharged Particle

Fiducial

— Fischer, 11.8Mg
Fischer, 18M¢p

— Nakazato, 13Mg
Davidson, et al., 2000

different bounds (or signals!) if it is the dark matter



Dark Photon + Dark Matter

= — Fiducial

= — Fischer, 11.8Mg
— Fischer, 18Mg

* - Nakazat\o, 13M¢
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Inelastic Dark Matter

Accelerator Searches

Belle 11
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— Nakazato, 13Mgp

ap = O.l,m' = 3m1,A = 0.41’}11
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A note on (very) high mixing
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A note on (very) high mixing

E dark
sector:
’ ~6.5
1/3 ‘
T _ T (Zz’eSM gi) ~ T (1 1 2 ieBsu 9i>
BSM = 4sM ~ Lsm
2 i 3 2 iesm Yi

~20



Conclusions

e Supernova 1987A provides a unique and powerful
probe of light and weakly coupled physics

* Provides strongest bounds for wide variety of modern
models of BSM particle physics

e Exciting possibilities to combine cutting edge
astrophysics, nuclear physics, and particle physics



