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1. Introduction

Free Hydrogen
and Helium- Heavy

Elements
Dark Matter
23%

Neutrinos

S0 e

Dark Energy
73%

* Indirect detection through stellar processes
 Why stars?
- Easily observable, abundant source

— Interior of stars dense enough that dark matter effects independent of specific
branching ratios

— Difficult to distinguish effects due to stellar physics from effects due to new physics
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2. Stellar Evolution
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. Balance between energy/pressure and gravitational force
* Two types of evolution:

— Stable equilibrium: fusion balances gravity

— Contraction/collapse: temperature and density increase due to gravitational
forces increases energy production rate
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2.1 1D Stellar Evolution

 Assume spherical symmetry, no or _ 1
magnetic fields, no rotation OM  4mwr?p
 Zero metallicity (Type Il stars) oP - GM 0%r 1
OM — 4nr?2  Ot? Anr?
_ _ oL ol o0P
* MESA: Modules for Experiments in — =e—Cp— 4+ ——
Stellar Astrophysics oM ot p Ot
- Choice of input masses, a_T — — G]\iT \V/
chemical compositions, nuclear oM Ar P
networks, thermal properties,
etc.

€ Specific energy production rate
(erg g s™)

V Function related to energy
transport and opacity within star

— Produces time series of stellar
structure
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2.3 Pair Instability

"~ STELLAR BFE CY¥CLE

Remnant

* Massive stars (~140 — 240 M) reach temperatures and densities such that
electron-positron pairs are produced late in their life

¢« Yy —>e et
* Leads to a pair instability collapse

* Collapse triggers fusion of oxygen and silicon, which leads to violent bounce
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2.2 Pair Instability

* Core-collapse supernova
— No pair instability

— Star continues fusing heavier and heavier elements until
it reaches iron and cannot produce energy from fusion

4c. Photodisintegration
instability and direct .

- Loss of radiation in the core leads to less pressure, and am.;.nv)e S

star undergoes runaway collapse " ogerscoaoee o e

* PISN: Pair instability supernova . ° — ff "*‘iﬂ'
_ R [{\\

- Oxygen_ burnlr_lg produces more energy than ./‘. 7

gravitational binding energy \. . = Ss,fe'r":éi:"x%h

r complete disruption

- Leads to complete destruction of the star, with no - o

remnant g

. .. .y O:Evolved Masaive 4 ulsewn‘h mass ejection
* PPISN: Pulsational pair instability supernova Wk R ;

— Initial oxygen burning episode does not provide enough ‘

energy to completely destroy the star, but does provide ~ - @

. . 5. v-coolin:
enough to significantly reduce the mass of the star g 7.4
6. Entropy loss )

- Star expands, cools, and then contracts again, leading Sabize i core

to another pair instability episode and subsequent

exp|osion_ Can happen mu|tip|e times Predictions for the hydrogen-free ejecta of pulsational

pair-instability supernovae. M. Renzo, R. Farmer, S.

- Each pulse reduces mass of star until some small Justham, Y. Gotberg, S.E. de Mink, E. Zapartas, P.

portion of the star survives, leads to black hole gggc(gam’ and N. Smith, Astron. Astrophys. 640, A56
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2.3 Black Hole Mass Gap

. Due to PlSN an d PPISN’ b|ack A fow mass stars massive stars very massive stars Qo??-?o-?,.
holes cannot form with (initial) o
masses between ~50 and 140 M, zero metallicity i /

« Black holes can exist in the mass i/
gap (e.g. GW190521): '

100 |

Instability mass ggl,

— Multiple mergers

w
Q
|

- Uncertainties

helivm photodisinfegration

- New physics

(C) Alexander Heger, 2002

-
(=]
|
supermassive stars ( > 50,000 solar masses)

final mass, remnant mass (solar masses, baryonic)

* Population statistics of black holes
may offer test of these
explanations

direct black hole formation
direct black hole formation

fallback

i i
black hole black hole ——

T T T T i T { =
1 3 10 30 100 300 1000
initial mass (solar masses)

The evolution and explosion of massive stars. S.E. Woosley,
A. Heger, T.A. Weaver, Mod. Rev. Phys. 74, 1015 (2002).
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3.1 Dark Matter Model

* Only requirement is that dark matter annihilates to standard model

* Regardless of exact decay chain, products will eventually be some
combination of charged particles, photons, and neutrinos.

* Neutrinos escape, but electrons and photons quickly thermalize with gas,
causing temperature to rise

* Very efficient source of energy within a star

[ 10V photons Positrons
» [ 4
i e
Medium-energy ] Electrons
\ gamma rays

Quarks

Neutrinos

Leptons

\

Sky and Telescope, Gregg Dinderman

https://www.universetoday.com/116293/marco-view-makes-dark-ma
tter-look-even-stranger/

Supersymmetric
neutralinos

Decay process )
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3.2 Dark Stars

ey Dark stars burn brightly
.- WIMP= 10 Gelf A
Luminosity = | billon solartimdts R
100 million = 1
g
WIMP= 100 GV _ T
10 million ] Luminasity = 60 million solar writs A
\ ) _ R
A e "':;1.‘:;“. Sr g R e T o oatg ek ! million . :
|_inh__|MainSequence] OldAge | Death | Remnant | i
Stellar objects that form as gas and 1L e
®e . SUPERGIANTS .
dust contract to form a star, but before (0o 08 o o® ..
fusion can begin. [*ne 00 e e o®
_ e o0 ® o e
Low temperature, low density, but very R e
large i
Little ionizing radiation — stars do not F
stop growing, can reach masses of 10°M £
We're interested in stars with less dark
matter than these, where dark matter
annihilation and fusion produce
Comparable energy Astronomy, Roen Kelly 2 .
httpsl [www. chic/t(i\ emnlo 121]11eec Spectral elass
i havesbeen i ec it | O S SR S S

rk-matter-stars
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4. Stellar Evolution with Extra Energy

e Approximate the energy produced or 1

through dark matter as a constant

energy production rate density OM  Armrép

 Compared to nuclear energy, which — —

OP GM 9% 1

is strongly centrally peaked, treating M dmr2 Ot? 4mr?

energy from dark matter as a 5’_L —e_C 5’_T 4 éé’_P
constant is reasonable OM ot p Ot
ar  GMT v
OM  4nrdP
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4.1 Structural Changes

* Extra energy in the star — less energy required from nuclear reactions
« Effectively reducing size of core, relative to overall mass of star

* In some cases, changes to temperature and density gradients increase
convective mixing in star and can further reduce core mass

Temperature Profile without Extra Heating ” Temperature Profile with Extra Heating
—— Main Sequence —— Main Sequence
—— Beginning of He Burning —— Beginning of He Burning
o —— Beginning of O Burning 2 — Beg!nn!ng of O Burning
—— Beginning of Explosion —— Beginning of Core Collapse
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4.1 Avoiding Pair Instability

Density Temperature Tracks from Adding Non-Nuclear Energy
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Energy Added [10% ergg~15-1]

4.2 How unique is this result?
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4.3 Potential Tests

e Black hole population statistics (BHIMF)

* Depends significantly on dark matter astrophysics

1071 5
— 0% ]
—— 20% 1072 4
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— 60% 1077 4
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1 —— Unscaled Example
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T Ilustrative examples:

Assuming all stars include non- Unscaled: 0.1% of stars with non-nuclear
nuclear energy energy, uniform distribution of energy fractions

Scaled: fraction of stars with non-nuclear energy
ranges from 1% to 0.01% inversely with non-

Fine print: these plots show (core-collapse) nuclear energy fraction

supernova precursors, rather than black hole mass

PRELIMINARY
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5. Conclusion

* Adding a non-nuclear energy source to a star can provide a means to
circumvent pair instability and avoid a pair instability supernova

* [t seems that this behavior appears at all stellar masses: there always exists
an amount of energy such that pair instability can be avoided.

* Potential opportunities to detect include black hole population statistics, from
gravitational wave observatories
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Dark Matter as energy source

« 180 M, star 60% extra energy: approximately 10>’ erg produced over the
lifetime of the star

« On average: 5x10* GeV s or ~1 GeV cm? s

* Possible environments with high enough dark matter density:

— Centers of early proto-galaxies

- Dark matter spikes around supermassive black holes
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