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Particle physics in stars
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Late evolution of heavy stars
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*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

— Main nuclear reactions:
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Late evolution of heavy stars

Main nuclear reactions:
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Late evolution of heavy stars
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The danger zone: pair-instability o o

The high temperatures of stellar cores mean electron-
positron pairs can be created from photons: yy — e7e™
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The danger zone: pair-instability o o
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The high temperatures of stellar cores mean electron-
positron pairs can be created from photons: yy — e7e™

¥ e
: Relativistic electrons
Unstable, because: mmmmmmmmmmmmmmmmmmsmsmseemeeee .\
The photons give the star — | r<2 unstable —
< 37 e lon pressure
outward pressure e
The electron-positron pairs - |77 — e*e™ Boltzmann suppressed
imply extra gravity but no R T R —
pressure pe (g em™)

— the core starts to collapse



Evolution of old population-Ill stars

: """"""""""""" ' Mln — 401\/_[@

:Core collapse triggers

rexplosive thermo- / M;, = 7T0Mg

‘nuclear burning of 1°0

C ignition Stellar
evolution
simulated with
MESA 12778*%*
He ignition
108 1 1 L1 1 1 111 1 1 L1 1 1 111 1 1 L1 1 1 111 1 1 L1 1 1 111 1 1 1 1 1 1.1
102 103 104 105 106 107

pe(g cm™)

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Pair instability

in a nutshell

Adapted from Renzo et al [2002.05077]



Pair instability

iThe e™e™ pairs trigger

ipremature core-collapse

in a nutshell Fommmemmmsmsmessooeoooooo , Q

il. The core gets so hot, (non-
1
' relativistic) e*e™ pairs are

Adapted from Renzo et al [2002.05077]



Pair instability
in a nutshell

—p

12. Explosive burning of \
ioxygen (a burning product
{of helium) gets ignited g

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

\‘\‘\"]:
‘ N

/1, X

N
-

,V
b
(&
L
!
O

Adapted from Renzo et al [2002.05077]



Pair instability PRI — '

'3a. Photodisintegration |
‘instability triggers | Initial star mass

Q M, 2 200 M,

in a nutshell

Adapted from Renzo et al [2002.05077]



Pair instability ... '

-3a Photodisintegration |
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Pair instability ... '

-3a Photodisintegration |
-mstablllty triggers i Initial star mass

in a nutshell 'immediate BH collapse ! Q
M, > 200 M,
M, > 90M,,

'3c Some (but -mé_t_eﬂé'_'_@ _t_h_e star: PISN ;
.not all) material | T

.|s ejected: PPISN i N

M, 2 50 M,

m ~v

Adapted from Renzo et al [2002.05077]



Resulting black hole masses
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Resulting black hole masses
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Resulting black hole masses
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Upper end of the mass gap

' Photodisintegration: rapid

iabsorptlon of high energy photons !




Upper end of the mass gap

' Photodisintegration: rapid
-absorptlon of high energy photons

I W

iPhotodisintegration leads to decrease
iin I'; and therefore a contraction

.can no longer keep up W|th contractlon
'due to photodisintegration

'No pulsations, immediate !

icollapse into black holes |




What about new particles?

New particles...

- May be produced in the star and free stream out




What about new particles?

iThe star evolves
1
differently
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What about new particles?

'Nuclear astrophysics: pair-
linstability is a sensitive probe of

: 12C(0{, }/)160 Farmer, Renzo, de Mink,
"""""""" Fishbach, Justham
arXiv:2006.06678

Gravity: the BHMG is a test of

GN in stellar Straight, Sakstein, Baxter,
arXiv: 2009.10716



Axions in the cosmological triangle
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AXxions In stars
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AXxions In stars

T.(K)

10°

108

Axion Instability
Supernovae (AISN)?

-
-

-
1
|
1
1

... Can give rise to
new instabilities!

11 1 |17

102 104
pe(gem™)

106

102

10!

T.(keV)

DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc] + arXiv:2203.06160 [hep-ph]



Axions and the stellar EOS

* Assume an equilibrium distribution of axions, need to update the
stellar EOS with axion contributions to:
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Axions and the stellar EOS

* Assume an equilibrium distribution of axions, need to update the
stellar EOS with axion contributions to:
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AISN: luminosity
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Axions and photo disintegration instability
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Black hole archeology: what about the data?




Black hole archeology: what about the data?
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Mass distribution :

----------------------------------------

: Other parameters, such as spin alignment, eccentricity, :
: redshift, and mass ratio can serve as further evidence : 0 20 40 ) 80 100
i for the binary’s environment/merger history MilM o




Black hole mass

Pair-instability and black hole populations

:We can predict black hole masses from stellar :
:masses through stellar evolution simulations

Stellar mass



Black hole mass

Pair-instability and black hole populations

We can predict black hole masses from stellar
:masses through stellar evolution simulations

: New particles or different nuclear
:physics may change this prediction

DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]

DC, McDermott, Sakstein, PRD (editor’s suggestion),
Stellar mass arXiv:2007.07889 [gr-gc]

Straight, Sakstein, Baxter, PRD, arXiv:2009.10716 [gr-qc]

Sakstein, DC, McDermott, Straight, Baxter, PRL,
arXiv:2009.01213 [gr-qc]

Ziegler, Freese arXiv:2010.00254 [astro-ph]

...More work in progress



Black hole mass

Pair-instability and black hole populations

Stellar mass

:We can predict black hole masses from stellar :
:masses through stellar evolution simulations

'New particles or different nuclear
phy5|cs may change this prediction :

:How can we use :
:data to test that? :

S aEEEEEEEEEEEEEEEEEEEEEEE -

FIND THE GAP

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685



Black hole mass

Pair-instability and black hole populations

Stellar mass

MPPISN

MPISN

+ Initial mass
function (here

x power law)

PPISN vpile-

Black hole mass M*
BH

See also Talbot & Trane, arXiv:1801.02699



dN/dMpgy(arbitrary units)

Pair-instability and black hole populations

PPISN pile-

Black hole mass M*
BH

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685



Pair-instability and black hole populations &3

Testlng BSM ¢
partlcle physics

Testlng nuclear
(astro) physics
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Mgu(Mo)

AISN and black hole populations

FIND THE GAP

10—2 L.

a=10.43 a=041
b=-2.56 b=-244
MBHMG = i MBHMG = 34.5

104}
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Sakstein, DC, McDermott, arXiv:2203.06160 [hep-ph]



Dynamical mergers and black hole genealogy

:Black holes formed in prior £ 107 —SM 1g+2g
: . . . =
-mergers may in principle 2102 T~ ] e
: g : lg) (g)
.populate the mass gap. k= : dn''®  dN
Ppop gap I e | am, My M = M)
é ] . ] ] . . E m ........... s s EEEEEg EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY
:Their mass distribution inherits : < 107 e /
from the 1g mass distribution. § 0 i
........................................................................... ~ :

20 40 60 80 100

Mpu(Mo)

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685



Dynamical mergers and black hole genealogy

--------------------------------------------------------------------------

EBIack holes formed in prior
:mergers may in principle
-populate the mass gap.

dN/dMgy (arbitrary units)
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107
. Their mass distribution inherits ot o T
-from the 1g mass distribution. 10-5
Mpu(Mg)

-
dN§Y b [1 + 2a* Mgi(Mppyc — Mpp)*™!

(1g) (2+g) dMBHOc BH Mg\
dN  dNgf{’ dNgg® ) BHMG

] : first generation black holes (a, b, Myiic)

= +
dMBH dMBH dMBH dN(2+g) MBH
x Amin |1,
dMpgy Mgynvc + Miin + 6,,/2

.

d
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C, McDermott, Sakstein, arXiv:2104.02685
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Binary mergers in LIGO/Virgo O3a

with GW190521
DC+BMS
LVC: PL + peak

1071

1072

1073

1074

dN/dMzgy (arbitrary units)

20 40 60 80 100
Mpr(Mp)

This work, Eq. (7)

with GW190521

logo A | —0.887941
Mgumc [Mo] 46.237%5°
a| 023917
b| —1.951%51
d| —5.957L7°
Mmin [Mo] | 3.38%12¢
om [Mo] | 5127379
LVC: PL+peak | with GW190521
a 2.7
Mpax [Mg] 85150
Apesk | 0.11319:92
pm [Mo) 34.0577
om [Mo] 47153
Muin Mo] | 440%5%
0m [Mog] < 4.75

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685 — +03b: work in progress with McDermott, Ulrich, Sakstein



Binary mergers in LIGO/Virgo O3a

1071

1072

1073

1074

dN/dMgy (arbitrary units)

20

—
Mgy (Mg)

60

without GW190521

DC+BMS
LVC: PL + peak

80

100

This work, Eq. (7)

no GW190521

log;p A

Mguvc [Mg]
a

b

d

Muin [Mo]
om [Mo]

LVC: PL+peak

~3.92755
BLITH=2
0.237575
—-1.9813:45
—§ ‘7354
3881 1%
5.15157%

no GW190521

Mmax [Mo]
Apeak

pm [Mo]
om [Mo]
Mmin [Mo]
om [Mo]

3.08105
7249,
0107202
53.4+20
> 4.49
456713,
< 4.04

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685 — +03b: work in progress with McDermott, Ulrich, Sakstein



To conclude,

* Gravitational waves offer an exciting new opportunity to study
open questions in stellar astrophysics and particle physics

* Pair-instability supernovae lead to unpopulated space in the
stellar graveyard — the black hole mass gap is an entirely new
probe of particle & nuclear physics

* Black hole population studies will allow us to study stellar
evolution — black hole archeology
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Physics dependence of the BHMG

* Astrophysical + nuclear + . Zf  F—  Envionment -
: ates [ | |
numerical dependence Winds| ¥  —
: OszLO;‘;“‘ H Physics
* Most important “.;‘ur I
dependence: ?C(a, y)'°0 B gw ! ';'
rate | Ay H Numerics 1
* Using updated deBoer et al Net [, o s "0
rateé BHMG found at Maximum BH mass (Mg e [Mo))
4875 M,

Farmer, Renzo, de Mink, Marchant, Justham
deBoer et al arXiv:1709.03144 [hep-ex] arXiv:1910.12874 [astro-ph.SR]
Farmer, Renzo, de Mink, Fishbach,

Justham arXiv:2006.06678 [astro-ph.SR]



Helium burning rates as a function of T
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Farmer, Renzo, de Mink, Fishbach,
Justham arXiv:2006.06678 [astro-ph.SR]
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DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]

T h e B H I\/I G a n d BS I\/I CO O | i n g DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc]

e Scenario: new, light particles coupled to material in the star introduce

new loss channels
Extra scenarios: large extra dimensions (d = 4 + 2) and
neutrino magnetic moment work through essentially the

* Case studies: L\ + - ..

* the electrophilic axion £, = — ig .y, ysy,a (will also work with
o, = 10°°g2 /47 for convenience)*

. the photophilic axion £, = — ZgayaFﬂyF”” (will also define
g1 = lOlogay GeV)
. the hidden photon &£, = — SR R + m—jA’A'” (and define
Y 9) HY 9) H

nothing)

*Interesting in light of the XENONI1T excess, arXiv:2006.09721 [hep-ex]



Loss rates

'Photophlllc axion: i
'CQ , X T4 i
((z A +y = (ZA)+a) |

'Hldden photon: @, «x T
(resonant emission)

T (K)

T.(K)

T (K)

Central losses: Q,., Quy, Qu (ergg™'s™)

1010
109_ 1()8 - a26 = 10
108 L
109 | 810 = 1 e
109
10* = //
108 ! /
102 % l %
109F 106 =107
151D)
103 F /
100 101 102 103 104 10° 106 107
Example track of M;, = 55 M, progenitor Pe (g cm‘3)

DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc]



