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Evolution™ of Pop III Stars
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Evolution™ of Pop III Stars

WO -
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Evolution™ of Pop Stars

The more masswe of
these stars “pulse”: // -
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(Pulsational) Pair Instability

pulsations triggered by -

i
premature collapse due to the §
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Outcome of Pulsations

Pulsations:

resumes burning C

loses some mass to pulsations

but eventually burns all its fuel
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Outcome of Pulsations

Pulsations:

unbinds entirely

violent explosion!
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_ 4OM@
70M,,

He lgﬂlthIl _ 12OM@




Croon, McDermott, Sakstein
PotDU & 2007.00650 + PRD & 2007.07889

Outcome of Pulsations

He ignition




Croon, McDermott, Sakstein
PotDU & 2007.00650 + PRD & 2007.07889

AI; I

el Black Hole Mass Gap (BHMG)

Pulsational pair instability
supernovae

50 pair instability il
supernova
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Can we Change the BHMG

* New light degree(s) of freedom are produced in the core of a
massive star during helium burning

f?

e [his additional loss channel causes the star to consume fuel more
~quickly and end helium burning earlier
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Reactions in Pop Il Stars

Main nuclear

° . \ ° ° °
reaction: C ignition
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19 *MESA v12778 Paxton et al, arXiv:1710.08424 [astro-ph.SR]
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Reactions in Pop Il Stars

Main nuclear
reaction:

Subdominant but C ignition

Important:

_ 4OM@
7T0M,,

10° 10° 107
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| 0sses to Lignt Particles
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» Electrophilic axion: @, =
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mplications for Oxygen Production
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mplications for Oxygen Production

...less oxygen
avallable during pulsations

New particle coupling strength
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mplications for Black Hole Masses

Electrophilic axion: m, < keV, Z = 107°
60 60

INncreasing
coupling

= o = 0 - apg = 40
Qo = 1 == agg = 60
o = 10 -@ aipg = 72

=~ (o = 20 -5 ang = 100

O | | | | 1 | | | | 1 | | | | 1 | |
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| 0osses to Lignt Particles

Central losses: Q,., Quv, O (ergg 's™)

10™
s : 9 drg = 10
» Electrophilic axion: t0 10 -

* Photophilic axion:

 Dark photon:
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mplications for Black Hole Masses

Electrophilic axion: m, < keV,Z = 107" Photophilic axion: m, < keV,Z = 107" Hidden photon: ma = 1072 eV

Mass gap Mass gap

Astrophysical BH Astrophysical BH
iIncreasing [ iINncreasing L. increasing [
coupling coupling coupling

larger coupling to new physics = larger black hole mass

20
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mplications for Black Hole Masses

Electrophilic axion: m, < keV,Z = 107" Photophilic axion: m, < keV,Z = 107" Hidden photon: ma = 1072 eV

Mass gap Mass gap

Astrophysical BH Astrophysical BH

813

larger coupling to new physics = larger black hole mass
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But... Limits!

Claimed constraints from other stellar systems are in “tension

» Capozzi & Ratftelt 2007.03694: “The evolution of a low-mass star as it ascends the
red-giant branch (RGB) is driven by the growing mass and shrinking size of its dege-
nerate core until helium ignites and the core quickly expands” = a, < 0.2
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e R-parameter. After He ignition the RG core ex-

Di Luzio, et al., 2006.12487 & PRL

pands and its density decreases by two orders of mag-
nitude. The star migrates to the HB and remains sup-

Clal med CO these stars have uncertainties ported by He burning in a non-degenerate core. The ratio
parameter deqeneracie S ( ag R = Nug/Ngrgg between the number of stars in in glob-

ular clusters in the HB and in the upper portion of the
: f LT RGB directly measures the duration of He burning in the

apO_ZZI & fe ! 200703694 he eVO|u .|On. Of a HB phase. The value R = 1.39 & 0.03 was obtained in
red-glaﬂt branct (:%G 3) IS drivenr by the growing Ref. [26] from the analysis of 39 clusters. The duration
- : : . : of the HB phase can be affected by g,.-related processes

Jerate core untl he“Uﬂ Ignltes and tre COre qUICk both directly and indirectly. If g,. is sufficiently large,
S | o J | < axion emission would directly produce extra cooling of
olar ooundad on y a26 — | the He core. The star self-regulates by slightly contract-
AST excludes gl 0 S () up to ma ~ ().( e\/, W= ing, 1.:hc core temperature increaS(.)s speeding up the He
burning rate. Once the He fuel is exhausted, the star

he”OS@ismOlOgy I’equires glo S 4 (VinyOleS et al., turns into a WD. The indirect effect is related to the

growth of the degenerate He core during the RGB phase
previously discussed. HB stars would unavoidably in-
Exceeding the |U fninOSity Of phO’[OﬂS from the sun herit a more massive core from the parent RGs, resulting
: e _9 in an increased He burning rate to contrast the larger
neutrino ﬂUX, |Im 1T ﬂg Em A / meV s 10 ( Aﬂ el al gravitational pull, and shortening further the duration of
the HB phase. Note that the indirect effect of g,. is so

13052920) important that for g.13 ~ 15 it would suffice to depop-
ulate almost completely the HB in the Color-Magnitude

Diagram (CMD) (R = 0). Cooling of HB stars can also
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SM Uncertainties

Environment

also rare events:
pore-/post-collapse merger
accretion after formation
retention of H envelope
binarity
rotation

(20 errors)

Physics

S8 Farmer et al.,
1910.12874



surprisingly Massive: SM vs BSM

SM physics BSM physics
e Mg is at the value predicted by  « My iS not as expected from
the SM-only calculation® SM-only calculation: objects “in the

SM) mass gap” form from isolated

*unless ~50 deviations from nuclear rates or major differences in

stellar physics wrt to MESA e\/O|utiOl’]~, Nno rare prO_CGSSFGQUired




| |GO Observations: Oct 2020

Masses In the Stellar Graveyard

in Solar Masses
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Black Hole Population Statistics
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Black Hole Population Statistics

with GW190521 Baxter, Croon, SDM, Sakstein

ApJL & 2104.02
AN 8 without GW190521 pJL & 2104.02685
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B. s formed from “vollutants” (A<1)
Isolated stellar

evolution

PHI = P(H) (1 + PO *(P("'“) 1)

P(x)

xkcd.com/2059/
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Black Hole Population Statistics

with GW190521 Baxter, Croon, SDM, Sakstein

e AN AN without CW100591 ApJL & 2104.02685
P ( ) X L
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BHs formed from : ;
Isolated stellar Bolutanis b<h)

PHI = P(H) (1 + PO *(P("'“) 1)

P(x)

exalion xkcd.com/2059/
dNe) j o dN. |
dMpy dM: dMgy( ')/ dM: Sk dliia i exactly what

we get from MESA!
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=g 4 narrow range of

BH masses
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w34 nNarrow range of
ansnereh BH masses

wide range of stellar masses

... followed
Immediately by
the mass gap!

90
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Black Hole Population Statistics
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flexible titting function with a sharp peak followed by a gap:




Black Hole Population Statistics
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ApJL + 2104.02685

flexible fitting function with a sharp peak followed by a gap:




Black mole FJOIOuIann Statistics
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Black Hole Population Statistics
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T LVC: PL + peak
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Black Hole Population Statistics
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WE RAN OUT
OF CAT FOOD.

6"0
IT"HAS COME 70 THIS.

No

PROTIP: IF YOURE NOT SURE WHAT TO SAY,
TRY “50 IT HAS COME To THIS "™—IT CREATES
INSTANT DRAMATIC TENSION AND 1S AVALID
DBSERVATION IN LTERALLY ANY SITUATION.

xkcd.com/1022/

Conclusions

49


http://xkcd.com/1022/

Conclusions

WE RAN OUT
OF CAT FOOD.

>0 e LIGO is in the middle of its “discovery bump”
ITHAS COME 70 THIS, — we are learning so much more about the
Universe all the time!

O e Physically motivated mass functions will soon

reveal intimate details of the black hole
creation mechanism

. | iting!
PROTIP: IF YOURE NOT SURE WHAT TOSAY The tuture Is exciting!

TRY “50 IT HAS COME TO THIS "—IT CREATES
INSTANT DRAMATIC TENSION AND IS AVALID
OBSERVATION IN LITERALLY ANY SITUATION.

xkcd.com/1022/
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