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Big Picture, ca. 2009

peV. 10 meV 10 GeV 100 TeV 10-16 Mo 100 Mo

we knew the dark matter mass!
lower limit*; Lee-Weinberg bound (oV)ann > m2/mw?2

upper limit*™; unitarity — {(oV)ann < 411/m>2v

[*well okay, maybe it’s the QCD axion]
[**well okay, maybe it’s primordial black holes]
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Big Picture, ca. 2019
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the dark matter can be anything!
lower bound: does it fit in a galaxy?

upper bound: gravitational effects
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Two Pheno Developments

1. Hidden Sectors

o evade the Lee-Weinberg bound (oV)ann > m2/mw? if

there i1s a new force that allows annihilations with
mass scale mnpp € mw

« Bjorken, Essig, Schuster, Toro 0906.0580 & PRD; Morrissey, Poland, Zurek
0904.2567 & JHEP; Cheung, Ruderman, Wang, Yavin 0902.3246 & PRD

2. Asymmetric Dark Matter

* the dark matter abundance is not set by (symmetric)
thermal freezeout

« Kaplan, Luty, Zurek 0901.4117 (earlier work by Kitano et al, Nussinov...)



Information U References (16) U Citations (391) L

Technocosmology: Could A Technibaryon Excess Provide A 'natural’' Missing Mass Candidate?

S. Nussinov (Comell U., LNS & Tel Aviv U.)

Oct 1985 - 4 pages

Phys.Lett. 1658 (1985) 55-58
(1985)
DOI: 10.1016/0370-2693(85)90689-6
CLNS-85/703

- evade t Citation history: 2/ mW2 |f
there ISEEES: ' ' ‘ ' ‘ sl S With
Mass S¢

« Bjorken, E oland, Zurek
0904.2567

Timez cited

2. Asymme




Two Pheno Developments

1. Hidden Sectors
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Implication: new low mass particles
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2. Asymmetric Dark Matter

* the dark matter abundance is not set by (symmetric)
thermal freezeout
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SN1987A: Zeroth Order Facts

Supernova 1987A:

~ 99% of the grav. binding

energy of a collapsing blue

supergiant radiated away In

the form of neutrinos over
the course of ~ 10s

spacetelescope.org



http://spacetelescope.org

Supernova at the Order of
Magnitude Level

Pc=mn(110 MeV)3, Tc=30 MeV, wp,c=13 MeV

e . v < R,
,0(7‘) = Pc { (T/RC)—V r> R,

. 1—|—/€T(1—T/RC) e
T(T) = Tc X { (T/Rc)_y/g r Z RC

“fiducial model”
(Raffelt, 1995)



Numerical Models

“fiducial model” g
S 20

differs from sims g

by ~O(1 O) 10{ 7 -

0 0.5
r/R,

— fiducial  ----- —— Fischer 18M 4 —— Nakazato 13M 4

value of R+ (important for optical
depth, (=R ’(r’) dr’)
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Kinetic Mixing

gauge invariant product of field strengths™

LD ”/Q‘E’

implicitly ~ g2

*(“EFT tells me to write down”)
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In vacuum:;

0% GJSMA’“




“Plasmas Give Photon a Mass”

high density of charge carriers modifies
the SM photon dispersion relation:

w? =T T 1), ) - s

at low k, 'l equals the “plasma mass” wy

4dran,

lim IT = w?(n,) ~
k0 Wp(Te)
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Coupling to Dark Photon

In vacuum:;

0% GJSMA’“

€q SM 4/
ﬁjf—HﬁLAu




Coupling to Dark Photon

In vacuum:;

0% GJSMA’“

In plasma, on-shell:
€

JSMA/M
e i i
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dark photon rates < SM photon rates:
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Rates for A’s

dark photon rates < SM photon rates:

2
€

P 1 — II/m'?

2
i
(1 — Rell/m'2)? 4 (ImlI/m/'#)?

[*resonance if m’2>Iml1 and 3 wres With RelM(wres)=m’2]
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Photon Self-Energy

1) [Bin(22) 1]

v2 2V i v
RGH BT Swg _1 1_/0-2 ln 1—|_v L T
202 2V v

(v=|k|/w)

different dispersion relations for L and T modes

ImI'1 ~ rate at which photon thermalizes:

ImH — W (Fprod o Fabs)
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Particle Luminosity

energy lost rate at which
In A’s per A’s are
unit time produced
= 1
q ey
odds of

escaping



Power and Optical Depth

WPprod

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

production rate: dV

not all power gets out Ryay
because of a nonzero 7 = / oy (7"’ )dr’
T

“optical” depth:

by detailed balance, [Nprod = €T ["aps, SO calculate Napbs only



Differential Luminosity

i _ Rell(w,r) ]622+[Im1_1(w,r) ]2 f arlk . 1. (Wg'r')

d—L _/ dw GQWBUQ_M/TFabS(W,T)G [1 T, /2
dV 2= [1 ReH(w,r)}2 i [Ilrlrll_l(c,u,r)}2

m/'? m/’?

m




Differential Luminosity
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Differential Luminosity

(for ImMres<<m’2) (for small €)
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(for ImMres<<m’2) (for small €)
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at low mixing, resonant luminosity is
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Differential Luminosity

(for ImMres<<m’2) (for small €)

dl. A% ezwgve_‘“/TFabS(w, e e

_2 P e

dV 272 (0 4 [ImI(w, r)/m'2]’

rates cancel since Imll~I', AwWres~I

bounds not flat

in e-m’ plane L _ .
\AQQN mixing, resonant luminosity is
2.2 o

3
dLreS . €I~ WiegV S adk .

di’i. = o (ew/T - 1) dV

X Vol ~Ly (€/5x10-9)2 (m’/MeV)2



Higher Mixing

at large mixing: T is large, dPres IS suppressed

differential luminosity dL = e-TdP # dP



Higher Mixing

at large mixing: T is large, dPres IS suppressed
differential luminosity dL = e-TdP # dP

need to know I for all r and w
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Soft Radiation Approximation

use np scattering data with soft emission:

/ 32 aEM(em)% Tnnnp ’7TT 3/2 (2) _m’Q_

\/

key point: falls sharply with w

(=lower optical depth at high w)
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Results

SN1987A

late
decays /

= fiducial
systematic
robustly excluded




Part ll: Dark Pair Instability
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Very small coupling

ALPS

Coulomb

A’ production
rate competes
with SM photon
or neutrino rate

ALPS-IIb
prospect

XenonlO

nonrelativistic
A’ produced at
very low rates



Pair Instability SNe
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Pair Instability SNe

Appearance of
non-relativistic
e+e- pairs
(catastrophically)
causes adiabatic
iIndex to fall below
4/3 (n.b.: this has
nontrivial p-
dependence due
to Pauli blocking
at high p)

\T
12
13
>
FQ

Janka,
1206.2503




Pair Instability SNe

0.9 me

0.1 me

if Tc much less
than me, too few
“missing photons”
to matter
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Pair Instability SNe

0.5 me

0.1 me

if Tc greatly in
excess of me, all
electrons are
relativistic and
adiabatic index
climbs again

\T
12
13
>
FQ

°ngo'0s W

Janka,
1206.2503

log p, [9/cm?]



Tightly Coupled Dark States

Could a new
particle (with or
w/o pre-collapse
abundance) have
a similar effect?
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Tightly Coupled Dark States

Could a new
particle (with or
w/o pre-collapse
abundance) have
a similar effect?

“Dark Pair
Instability” for

Mma ~ Me

ButingH

Janka,
1206.2503

log p, [9/cm?]




Tightly Coupled Dark States

Could a new
particle (with or
w/o pre-collapse
abundance) have
a similar effect?

°ngo'os W

\
|
I

+
o
<
=]
=.
2

“Dark Pair
Instability” for
ma ~ 0.1 me

Janka,
1206.2503




Tightly Coupled Dark States

I I S s ===
particle (witt

w/o pre-colla

sbundance) F Qrder of magnitude estimate:
da Ssimihar etre
[ ~e2mpa2/3T

Equilibration after 107 yr for i
mA’~T~1 OO keV and 8""1 0'16 Instaabrilitygl;or

ma ~ 0.1 me

Janka,

1206.2503
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How to look for DM in stars?
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