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Boson star




What is a boson star?

A self-gravitating star made of boson fields, which maybe dark matter
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Stabilized by the balance: gravitational attraction = uncertainty principle
Dynamical formation by gravitational cooling: ejecting excess fields and energy



Why study boson stars?

Black holes or boson stars orothers?
Gravitational waves
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Boson stars are similar to black holes in observational signals — black hole mimickers!
Compactness C = M/R



How do quantum effects change a boson star?

¢

A boson star is a macroscopic quantum object,
but it is almost always treated with classical fields.

classical condensate (¢)
. (@)
Quantum effects reshape compact objects:

quarity fluctuations (7,,,)
Hawking radiation makes black holes unstable
Semiclassical fluid stars can surpass the Buchdahl compactness limit "




How do quantum effects change a boson star?

¢

A boson star is a macroscopic quantum object,
but it is almost always treated with classical fields.

classical condensate (¢)
. (@)
Quantum effects reshape compact objects:

quarity fluctuations (7,,,)
Hawking radiation makes black holes unstable
Semiclassical fluid stars can surpass the Buchdahl compactness limit "

What about boson stars?
The star itself is made of quantum fields — self-consistency
The first step: computing the quantum stress-energy tensor.



Semiclassical gravity




Semiclassical gravity = GR + QFT
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Semiclassical Einstein equation m3 G, + Ag,, + aYH,, + b H,,, = (T,,)

Coherent state (T |x) = T2 (lpla) + TL G 7, T = 3y T (4 A7)



Pauli-Villars regularization renders (T, ) finite

Physical fields ¢°", %, heavy PV fields ¢17, ¢, d2", p?, 3", p3i~Mpy
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Regularization_conditions
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Renormalized Einstein equation (n‘t,%)renGw = (Tw)ren
Aren = 0,aren = 0,bpen =0



Quantum stress-energy tensor




Mode functions and frequencies
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Renormalized stress-energy tensor
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Quantum effects modify the spacetime
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Quantum effects track the curvature
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Quantum effects « curvature?
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Total stress-energy tensor loses monotonicity
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Quantum effects may change the
monotonicity of the energy density
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 Backreaction on the metric
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Conclusions and outlook

* Quantum fields and stress-energy tensor are computed in coherent
states in boson star spacetime.

* The Pauli-Villars method is used to regularize divergences.

* Quantum effects in boson stars are distinctive: nonmonotonic
energy density, growing with curvature, and no longer negligible
for high-density stars.

» Qutlook: generalizations to other compact objects, backreaction and
self-consistent semiclassical solutions, etc.
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Conclusions and outlook

* Quantum fields and stress-energy tensor are computed in coherent
states in boson star spacetime.

* The Pauli-Villars method is used to regularize divergences.

* Quantum effects in boson stars are distinctive: nonmonotonic
energy density, growing with curvature, and no longer negligible
for high-density stars.

» Qutlook: generalizations to other compact objects, backreaction and
self-consistent semiclassical solutions, etc.

Thank you! Any questions or comments?



Back up




Semiclassical fluid star

 Different internal structure
* Negative energy density

» Surpassing the Buchdahl limit
GM/R < 4/9
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Boson star image

Boson star

¢
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Boson star mass, charge and compactness
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More plots of classical boson stars
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Properties of a boson star
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Derivation of the Pauli-Villars conditions in
FRW spacetime

For UV divergences, only the local geometry matters
ds? = —dt? + a*(t)dx‘dx’

pZ

a?(t)

WKB order of a slowly varying spacetime = number of time derivatives
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Derivation of the Pauli-Villars conditions in
FRW spacetime (continued)
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Advantages of the PV regularization

1. Diffeomorphism invariance
modifying the Lagragian L

2. Mode-by-mode regularization, suitable for numerical calculation

[ dp Y DO f(im, g but Y (Dm0

3. Dynamical spacetimes
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Continuum Iimit
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Derivation of the semiclassical Einstein
equation

1
Suldl = f Zg“VVquVvqb — —m J fd”xr
Z|]] = exp(iW[]]) = chb exp{ iSy[p] + lJ](x)d)(X)} = (outlin),

Schwinger’s action principle 6Z[0] = i{out|5S,,|in)
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Derivation of the semiclassical Einstein
equation (continued)

x .
S = SG + W = (SG)ren 4+ VVren log divergences
2 05 1 (out|Tw|in)

ren

=0= Ry, — ERguv + Agyy + a(l)Huv + b(z)Huv + cHy, = 816 (out|in)

calculating S-matrix

V=g 09"’

A, a,b,c, G are determined by experiments

(in|T}, |in), in-in formalism

exp(W[J,,J_]) = f Dp.D_ exp{iS[d,] +i f ey —iS°[p_] — i f )
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Spectral methods

equispaced points Chebyshev points

KWk, Vit Vit s w) =0 &
1 - 1 ]
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J=0 N

v (xl) = z v(xj)pj (xl) errors decrease exponentially as the number of points
j=0
ODE — matrix equation
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Quantum stress tensor and numerical

convergence
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Minkowski space results
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