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What sort of objects do LIGO & VIRGO register?

Masses in the Stellar Graveyard Common knowledge:

in Solar Masses

e BH: MBH Z 2.5 M@
o NS: Mps < 2.5 Mg
Rhoades, Ruffini '74

because Supernovae:

LIGO-Virgo | Frarkk Bty faron (.‘J:Her\ Northwestern neutron core
Fermi pressure!

Can we predict black holes with Mgy ~ M7
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Solar-mass black holes?

e Can be primordial __ modification of cosmology
e Star 4+ primordial BH = constraints, do not consider!

e.g., Goldman, Nussinov '89

@ This talk: form by dark matter inside neutron stars!

O & (@ =

star star star

Kouvaris, Tinyakov ‘11, etc

Only a small fraction of dark matter is captured!

Is it enough for collapse?

Dmitry Levkov Solar mass holes Yerevan, 04/10/2023 3/16



Spoiler

@ This mechanism does not work in generic DM models

= no generic constraints

@ Neutron stars transmute in special models
= we should search for Mgy ~ Mg!
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Dark matter capture

@ Neutron stars parameters are known:

M, ~15Mgy, R,~10km, T, ~ 10° K|

@ They move through dark matter

eV km dwarf
m~ GeV=TeV, ppy ~ 100 2%, 7~ 7 TJ galaxy

@ DM binds to the star after collisions with neutrons Press, Spergel '85
PDM
MDM tOtNG M R t X (U/Ucr)
——

-V total mass probability f

" DM frll & 0o ~107%cm? < exp. bounds!

0 t~100yrs = | Mpu tor = 10719 M, x £ in dwarf galaxy

Is it enough to form BH?
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Thermalization

Gravitationally bound DM: e.g. Garani, Gupta, Raj 21

= repeating collisions with neutrons

= thermalization! (if o > 10~ "0,,)

= Low temperature: wpy ~ Tns ~ 10° K NS ™

. Tpom m —1/2
= Thermal orbit size: ry, ~ ~ 20 cm (—)
th Gp.m —— \100GeV
dense cloud!
= Bose-Einstein condensation! » radius is fixed, Mpy grows
> if Mpwm Z 10~ 19 M@

» for non-annihilating (asymmetric) DM
BEC = classical soliton ¢(x)!

= or degenerate fermionic DM Kouvaris, Tinyakov, Tytgat '18
And now, the collapse begins?
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Gravitational collapse

e Ignore self-interactions
o Free bosons: mv? ~ 1/(mR?) ~ GmMpp/R

quantum pressure  self-gravity

Black hole: R ~ (GMpym?)~ < 2GMpyy, BEC

MZ
= MDM > ? 10 21/\/]@

100,:6\/ (bir;ens>

BEC immediately collapses!

@ Free fermions — Pauli blocking:
3

M, 100 GeV \ 2
= Mpy > —5 ~ 10~ 4/\/]@ ( 00Ge ) < free )
m? m fermions

Not enough particles!

So, the mechanism works for bosonic DM, or not?‘
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We forgot about interactions!

Contradiction:

@ Even tiny self-interaction prevents collapse

@ Interaction < self-interaction is needed for capture

Simplest DM model — complex field ¢(x):

U(1) symmetry = particle number

L = 18,0 = V(|¢])

N = 2Im/ d*x ¢ g™ ~ wWPIR® < Mpwy. o1/ m
(captured)

Stationary solution: Q—ball or Bose star

6="f(r/ R)

soliton

size  energy per particle

Self-interactions — inside V(o)
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(a) Attraction (Q-ball)

(a) attraction

v
e Suppose | V = m? [¢|* N>~ | at |¢| > A /

a<?2 6|2 /
/

e Important: A < M,

— Planckian physics is not important
— gravity is the weakest force!

e Equations: self-attraction = kinetic pressure A 19|
2
N N ~ (RN)?>(Rm)3=a — more compact
BUT:w~ R < m — smaller!

e Collapse: R ~2GwN = |mN ~

M2 M 2—a MZ
Mot (p/) s Mo
m

A

Harder to form a black hole!

@ | Reason: w <« m — particles inside the Q—ball are almost massless!
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(b) Repulsion (Bose star)

(b) repulsion

Vv .
o Let|V = m?|p|* + m?|¢|"N>"| o >2 ,
o Still, A < M,! /|/¢|2
e Equations: self-repulsion=grav. attraction /
3a—8
M3, [ RmA
Solution: w~m, N ~ v
olution: w ~ m ey M,%/ |
A
e Black hole: R ~2GmN i
M3 m
= |mN ~ - —
m m2 A

almost fermions = ‘ again bad for collapse! ‘

o Take| Vi, = )\4|q5| /4| require mN < Mpp, tor

2m\? m 4
Ay = (T) S \a,max = 1012 2 (m) — super small!
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Contradiction to capture: switching off self-interaction?

Add interaction with Higgs: see also Bell et al. '87

2 2\ 2
V =\y (HTH—"—— il ) +m?|¢]2 = y|o|?HTH + ...

2 2y

2

valley: bracket =0
Scattering on neutrons:

¢
=
o=\ ) = , f
81mmy,m?

But the same interaction = effective potential

¢ ¢
Vi — e — |g|* y? In |#] (_ cannot be canceled
o i B 272 Aven by fine-tuning!
¢ ’ ¢ ~

g
Ocr

Aeff
Require Aegr < A4 max = ‘ y 2,400 and m 2, PeV‘

The mechanism does not work!
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Thus, neutron stars are safe

. unless the DM is very special

© The potential is almost quadratic, V ~ m?|¢|?
@ Both self-attraction and self-repulsion are suppressed
© Nevertheless, DM interacts with neutrons

@ Loop corrections do not destroy these properties

These requirements contradict to each other!
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Model with bended valley

¢ — DM, charge 1

o Take two fields: {X — heavy, charge 2

V = Mg? — A + m?|¢]* + N|g|* /4
large term correction

e The potential is renormalizable

e Valley: [ > = Ay | « soliton field is pinned to it

e Soliton: ¢ = ¢(x)e~ ™t | y = ¢?/A\

e Canonically normalized field along valley:
(0up)? = |0u0? + Fpux|?

o <N\
or p(¢ fd</>\/1+(2¢//\ {¢2/A 6> A
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Model with bended valley
o Potential along the valley: V(p) = V
g y: V(p) g/
e Weak fields:
V(p) = m?p? + Np*/a+ ...

Interaction is not dominant:
Njd=p3(m/N?, 551

e Strong fields:

V(p) = m?[o]> + N|o[*fd~=mep? +...,  my=m/B
free field!
Hence, soliton collapse at
M3 2 .
mN ~ —= . 3 + almost as for the free particles!
m
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Quantum corrections

@ The same interaction with Higgs:

2 2\ 2
V =M\y (HTH — V? — y;;i ) = the same oppy!

e Quantum corrections: | Vog = Aegr|0)|* /4

Aot = & (4A2+2AX+%X2+§2—:+§+%+3;;;3’+%) In |/f’|
ren

Harmless at strong fields — just a shift of mg !

e Surprize: vertices |y|* and |¢y|? are not generated!
V = V(Ax) = |Ax|* and |[A¢x|? can be generated

. nonrenormalizable!
@ Require mN < Mpp, tor:

_m
100 =B
o All other bounds are satisfied at \' ~ \? ~ y?/\y < m?/A\?

1/2
=y>10"7 ( ) B~1/2 — easy to satisfy!
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Summary

@ Self-interactions — both repulsion, and attraction —
parametrically increase DM amount needed for collapse.

e Optimal models include long valleys with V' ~ m?p?/2 up to p < M.

@ Bending the valley, we:
@ make the model almost optimal,
@ preserve interactions needed for capture

@ Neutron stars can transmute into black holes with Mgy ~ M|
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