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Executive Summary

 Supernova 1987A reached extremely high temp ~ 30
MeV and density ~ 3x10'*g/cm?® and was necessarily
“powered” by neutrinos

* an axion with a large [small] f2 would have not been
produced [gotten trapped], but for intermediate f;
would have “defused” the neutrinos



Executive Summary

* Amfoyv ~ 1/(nn G2 T?) ~ 1Tm x (radius/10km)® =
neutrinos diffuse until a radius ~ 40km, whereupon
they are emitted like a blackbody with Ly ~ 10°? erg/s

e La~ Vol x Yp Cp2nn2on T/(fa/GeV)? ~ Ly x (fa/108 GeV)?
— axions can “compete” if their decay constant is
less than approx 108 GeV



Executive Summary

e 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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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)

o Systematic uncertainties from progenitor profile

* Chiral effective theory results for nuclear matrix
element to which axion couples
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» Systematic uncertaigfies from progenitor profile

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



Outline

|. Knowns and Unknowns of SN1987A
[l. Calculating with the QCD Axion
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Broad(est possible) Picture

Supernova 1987A:

~ 99% of the grav. binding g
energy of a collapsing blue g 8 ’Q .
supergiant radiated away Iin AR
the form of neutrinos over
the course of ~ 10s

spacetelescope.org
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Things we know (and do not know)
about Supernova 1987A

* Progenitor was a blue supergiant .
in the Large Magellanic Cloud

* Progenitor mass was O(10 M) Al SO @
7 ’ - »

* Neutrinos arrived over a span of
O(10 sec)
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Things we know (and do not know)
about Supernova 1987A

* Progenitor was a blue supergiant . . |
in the Large Magellanic Cloud - WA AT .

¢ : . Esposito et al 1803.04692 .

CAN A BRIGHT AND ENERGETIC X-RAY PULSAR BE HIDING AMID THE DEBRIS OF SN 1987A7

e P PAoLO EsrosiTo,’ NANDA REA,"* DAVIDE LAZzATI,” MIKAKO MATSUURA," ROSALBA PERNA,” JOSE A. Pons®

luminosity of the order of 107" erg s—'. We conclude that while a pulsar alike the one in the Crab

Nebula in both luminosity and spectrum is hardly compatible with the observations, there is ample
space for an ‘ordinary’ X-ray-emitting young neutron star, born with normal initial spin period,

e Neu temperature and magnetic field, to be hiding inside the evolving remnant of SN 1987A.
O(10 sec) |
(not uniformly distributed) : , . Y

...and we don’t see a remnant ; g



http://spacetelescope.org

Things we know (and do not know)
about Supernova 1987A

* Progenitor was a blue supergiant =
in the Large Magellanic Cloud
(atypical progenitor)

* Progenitor mass was O(10 M) e - O
(only known to within ~x2) : : 'y . g "
* Neutrinos arrived over a span of a S . L%
O(10 sec) ' . N a1
(not uniformly distributed) : " & >
...and we don’t see a remnant :  sosetescopec

...and shock revival is difficult numerically


http://spacetelescope.org

Things we know (and do not know)
about Supernova 1987A

Bollig et al 1706.04630

Muon creation in supernova matter facilitates neutrino-driven explosions

R. Bollig,? H.-T. Janka,® A. Lohs,” G. Martinez-Pinedo.** C.J. Horowitz,” and T. l\«‘Iel.s‘on1

Muons can be created in nascent neutron stars (NSs) due to the high electron chemical potontldls .
and the high temperatures. Because of their relatively lower abundance compared to electrons,
their role has so far been ignored in numerical simulations of stellar core collapse and NS formation.
However, the appearance of muons softens the NS equation of state, triggers faster NS contraction
and thus leads to higher luminosities and mean energies of the emitted neutrinos. This strengthens
the postshock heating by neutrinos and can facilitate explosions by the neutrino-driven mechanism.

(only known to within ~x2) Nl .. T ’
* Neutrinos arrived over a span of il | . . . .
O(10 sec) ' ¥ o i
(not uniformly distributed) : e . Y

...and we don’t see a remnant " |
..and shock revival is difficult numerically
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Things we know (and do not know)
about Supernova 1987A

Bollig et al 1706.04630

R. Bollig,"*% H.-" 10000 p— —__ = — » and T. Melson'

()
s Muons can be . N °mical potentials
In and the high tex £ E red to electrons,
their role has so | Q 1d NS formation. §
However, the apj E r NS contraction
and thus leads tc This strengthens
the postshock he ! iven mechanism.
([ Pr } <

 Neutrinos arri
O(10 sec)
(not u

Radius [km]
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Things we know (and do not know)
about Supernova 1987A

Abdikamalov et al. (2016) (see also Radice et al. 2017a)

* Progenitc .
9 found that late nuclear shell burning produces strong turbu-

In the La

lent convection, which promotes supernova explosion. These
results were iterated in 3D by various groups (see below).
More recently, using the M1 closure for multi-dimensional
M Mele[:TalIl« neutrino transport, Summa et al. (2018) found 2D explosions
{ abetted by using a general relativistic rather than Newto- ’
nian treatment of gravity. Bollig et al. (2017) find that muon [N
NPT ialaley creation at the high temperatures in proto-neutron stars fa- %
O(10 sec cilitates explosion in 2D. Thus, an interplay of turbulence, |

microphysics, and a proper treatment of gravity have been [N

( historically critical in producing supernovae explosions in

two dimensions.

..adn d we d on ,t see aremn ant Vartanyan et al 1801.08148 e ——

...and shock revival is difficult numerically
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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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“energy sink” competed with
Standard Model processes

TIME (sec)
Hirata et al 1983 e Limited amount of luminosity may

be diverted to novel particles <
bounds on new coupling with SM

Credit: Colin Legg
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Credit: Colin Legg

Why Supernova 1987A?

Kamioko

Kamioka

A’ With convection
B. Without convection

6 7 8 9 10 1 12
Time (seconds)

Burrows and Lattimer, 1987

e Cooling phase is consistent with

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



Why Supernova 1987A7?

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”
Standard Model processes

(radius)

e Limited amount of luminosity may
be diverted to novel particles <
bounds on new coupling with SM

Credit: Colin Legg



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

. amount of luminosity may
“Lnew=Lv” be diverted to =
on with SM

Credit: Colin Legg
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Basics of the QCD Axion

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

Cn <
15 D G“ (T 0,aNy"vs N
v 7, |
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

g CN ~
L G"’ G d,aN~y"vs N
87 fa i

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

s GFP’VMPLVN(CV i CA”Y5)”}/’LLN
|——— 2

| nonrel.

e @6



Basics of the QCD Axion

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

g CN ~
L G"’ G d,aN~y"vs N
87 fa i

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



Particle Luminosity

d I



Particle Luminosity

energy lost
In a’s per
unit time

d I



Particle Luminosity

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

d I



Particle Luminosity

energy lost rate at which
In a’s per a’s are
unit time produced
i
o ey
odds of

escaping



Power and Optical Depth

wrprod

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

production rate: dV

not all power gets out Ryar
because of a nonzero 7 — / Iyt (7“’ )dr’
i

“optical” depth:

by detailed balance, MNorod = €T abs, SO calculate MNaps only



Axion Bremsstrahlung Rate
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Axion Bremsstrahlung Rate

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

O AN \/ ke

In the free-streaming limit,

d>p e eron T E Mg\ 2
Vol x il R (—a>
g / (277)3w sec  Ciayy \€V e




Axion Bremsstrahlung Rate

2V V- 2
C Y Y; wnponpr

[ = ol i N

O AN \/ ke

cuts off low-energy
divergence

d°p, 10°%erg CHE 1
b / (27T)3wra B @ . T T (v ) /40

In the free-streaming




Axion Bremsstrahlung Rate

o CQYY wn 0l
FZ] == BY npm

Onpr = 402 /7T /mS,

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

d3p 1056 erg CQ s 5
Vol X LR (_a>
O / (27.‘.)3(,0 S CI%SVZ o Ay




Axion Bremsstrahlung Rate

CZQYLYJ W nQBUan

1j
I —

O AN \/ ke

: - _corrects rate to agree
In the free-streaming . "3 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 summarizes XEFT

e calculations ca. 1988
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exchange of a single
massless 1

effective theory
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Cancellation in XEFT

Stable cancellation; seen first at 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 '

I)/I I

1010 1011 1012 1013 1014 1015

p [gcm ]




Similar physics known for
~0(20 years)

ldentical hucleons [— 7-1wev

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

np scattering

axions
neutrinos

.

Hanhart, Phillips,
2{=Te [0 \YA2L0]0]0]
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Supernova Thermo

pc I~ mN(1 OO MeV)3, Tc — 30 MeV, Yp ~ 03

i RS AR < R,
IO(T) _IOC X <\ (T/RC)_V & Z RC

i fl—l—kT(l—T/Rc) =) 1
T(T) = <\ (T/Rc)_y/g r > R,

“fiducial model”
(Raffelt, 1995)



Uncertainties

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

0 0.5
r/R,

—— Fischer 18M —— Nakazato 13M 4

value of R+ (important for optical
depth, t(r)=[""T’(r) dr’)




both T and dP depend on w
and r, so the spectrum of dark
photon emission is nontrivial

Let’s examine dL/dV/dw vs w
(at e.g. core radius)



dL/dr/dw (rescaled)
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dL/dr/dw

Cma = 0.006 - CKSVZ eV
C’ma =15- OKSVZ eV
Cma = 80 - CKSVZ eV
C’ma = 200 - CKSVZ eV
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dL/dr/dw

C’ma = 0.06 - OKSVZ eV
C’ma = 15- OKSVZ eV
Cma = 80 - CKSVZ eV
Cma = 200 - CKSVZ eV

thermal

At large mixing,
w(Wien peak)«<w(real peak)




dL/dr/dw

C’ma = 0.06 - OKSVZ eV
C’ma =15 OKSVZ eV
Cma = 80 - CKSVZ eV
Cma = 200 - CKSVZ eV

thermal

thermal spectrum
can underestimate
total luminosity
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Outline

|. Kinetic Mixing and Finite Temperature

Il Luminosity: Resonance and “Trapping”



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






Outline

|. Kinetic Mixing and Finite Temperature
1. Luminosity: Resonance and “Trapping”

l1]. Results and future directions

V. Additional Results Lightning Round!



Axion-Like Particle

Fiducial
Fischer, 11.8 M

Fischer, 18 M
Nakazato, 13M

couples to all SM fermions ~ mass



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¢

qeeeesseeesennaceey
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10

m, [MeV]

——
)
W

= Fiducial E
= Fischer, 11.8Mg é
= Fischer, 18M¢ ;
= Nakazato, 13My %

10°




Inelastic Dark Matter

Accelerator Searches

Belle 11

cccccccncadecaas

—
S
=
g
Q
S
(Q\]
v

— Fiducial

— Fischer, 11.8Mg
— Fischer, 18Mg
— Nakazato, 13Mgp

ap = O.l,m' = 3m1,A = 0.41’}11




A note on (very) high mixing

Lthiciently Trapped

&
o Lficiently Produced
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A note on (very) high mixing
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