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Boson stars overview



Boson stars - motivation

« In General Relativity, complex boson fields can become localized due to
their own self gravity.
- Boson stars are self-gravitating configurations of such fields.

- For these configurations to have a mass in the stellar range, the field must
correspond to a very light boson, outside the Standard Model. These
ultralight bosons are dark matter candidates.

- They can be composed by scalar or vector bosons.

- They are candidates for black holes mimickers.
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Self-interacting boson stars

- In nature, fundamental bosons may have interactions not only with other
fields but with themselves.

- Elementary scalar particles have self-interactions, such as the Higgs field or
the hypothetical QCD axions.

- For scalar boson stars in spherical symmetry it was found in Sanchis-Gual
et al. (2022); Brito et al. (2023) that their unstable excited stars (akin to the
excited states of the H atom) can be made stable by a self-repulsive quartic
interaction.

+ Weak self-interactions had no effect in stabilizing these stars, but strong
ones did heal these instabilities.
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Proca-Higgs stars




Proca stars self-interactions and hyperbolicity

- It is only natural to ask if we have the same behaviour in the case of vector
(Proca) stars.

« However the introduction of self-interactions leads to the loss of
hyperbolicity in such models, unlike the free case.

- A system of PDEs is hyperbolic if given the initial data, the solution is
unique, i.e., the Cauchy problem is uniquely solvable.

- Since this is not the case here we cannot evolve these configurations. We
must find an alternate way to bypass this mathematical constraint.
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Proca-Higgs stars

 We can include self-interactions as done in Herdeiro et al. (2023a), by
coupling the Proca vector field to a Higgs-like field, avoiding the mentioned
problem.

- We consider the following action (c =hA =1)

R 1 1 1 A
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 Here ¢ is a real scalar field, A is a complex vector field analogous to the
electromagnetic 4-vector potential, Fyy = 9,Ay — 3yAy, V is the VEV (vacuum
expectation value) of the ¢ field and A is the self-interaction coupling
constant.

- We also define the new parameter a = v4TGv.

6

Proca-Higgs stars



Advantages of this model

+ The Proca theory, even without interactions, has a mass term which breaks
gauge invariance (without this term it reduces to complex
electromagnetism).

+ So here the mass of the vector boson is generated by a Higgs mechanism,
preserving gauge invariance.

+ This means that this model acts as a UV completion of the standard
Einstein-Proca model. Unlike the Proca-Einstein theory, this one is no longer
an effective theory.
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Effective theory

- In fact we can obtain an effective theory around the VEV resulting in
2

Lerr = —%Fuvl_:“v — V?AIJAIJ — orz(AuA“)z
where o, = —1/4A.

+ So here we can see that when a > 1 or A > 1, the self-interactions are
negligible, and we obtain standard mini-Proca (Proca stars with just the
mass term).

« For A < 1 but different from zero we have very strong self interactions
outside the validity of the effective theory at this order.

- At the domain of validity we have a Proca star with effective quartic
interactions.
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Asymptotically flat solutions

+ From the action we obtain the following motion equations
V,FHY = ¢2AY
0¢ = A(¢>— V)¢ + PA AH
Ruv — ggw = 8MGTyy.
- To solve the equations in spherical symmetry we use the following ansatz
ds? = —e?P(dt? + e2F([dr? + r?(d6? + sin? 6d¢?)]
A(xH) = e=Y(f(r)dt + ig(r)dr)
d(x) = o(r),
where w is the frequency of the vector field.
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Boundary conditions

We require asymptotical flatness and regularity at the origin, so we have

Fo,1(r —00)=0 drFo,1(0) =0
¢(r— ) =v 3,9(0)=0
f,g(r—0)=0 a:f,g(0) =0.
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- Solving the system above one obtains a continuous family of solutions of
Proca-Higgs stars for each A and a, parametrized by w (with a discrete
degeneracy), obeying the condition Wmin < W < v.

- We are interested in static solutions to use as initial data for the evolution
equations.

« The solutions are located as usual on spiral-type curves relating the ADM
mass with the frequency w of the stars.

- We confirm that in the limiting cases mentioned above the curve of
solutions approaches the mini-Proca star limit.
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Solutions - domain of existence
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Solutions - branches

- We divide these curves into a candidate stable branch—ranging from the
maximal frequency until the mass attains a maximum, and the unstable
branch where the solutions are perturbatively unstable, and thus physically
irrelevant.

« In the candidate stable branch solutions are perturbatively stable against
perturbations that conserve the number of particles and the total mass. So
those are the solutions we are interested about.

- But the maximum mass doesn’t guarantee their stability. Stable under
perturbations conserving mass and number of particles, but not under
generic perturbations.

- This requires the numerical evolution of these models.
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Evolution and generic outcomes

Using the static spherical symmetric solutions to the Einstein-Proca-Higgs
equations, we evolve such configurations in time, using numerical
truncation error as a perturbation, in a 1+1D setting.

We analyse the evolution for a time window of v x 10%.

Depending on the value of A and o the stars collapse to black holes, decay
to another state, or remain stable.

It is possible that at the end the star isn’t yet fully relaxed, needing more
time to settle down.

We consider stars to be stable if at the end, the radial profile coincides with
the initial one, notwithstanding the existence of oscillations in intermediate
times.
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Mini-Proca star limit o > 1
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Mini-Proca star limit A > 1
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Mini-Proca star limit

- In these cases we see that we obtain Proca stars with just a mass term given
by v. We see that both solutions are the same, resulting in the same metric
functions, v just changes the scale distance.

« The scalar field ¢ is frozen at the VEV as expected.

« The self-interaction term is about 4 to 6 orders of magnitude smaller
compared to the mass term.

- These configurations are stable against perturbations even if we apply a
small forced perturbation.
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Relevant self-interactions
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Relevant self-interactions

- We are now in the domain of non-negligible self-interactions. But we still
find stable solutions for very small values of A (including A = 0).

- Now ¢ is only equal to v near infinity and takes other values at other points.
- For the model at hand the self-interaction term is about half the mass term.

+ However we will show that there are unstable solutions for certain values of
the parameters.
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Collapsing solution
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Figure 4: Radial profiles in the mini-Proca star limit for A =2, w = 0.95, o = 0.35.
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Collapsing solution

- The instability occurs in the candidate stable branch for A = 2.
- This is unexpected since for A € 1and A > 1 we have stable solutions.

« There are hints that there might be regions in the parameter space with
unstable configurations and thus the model does not have stable solutions
for the whole parameter space.

+ This contradicts the intuition we had with scalar excited boson stars.
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Instability regions — parameter space
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Instability regions

- This shows that that are many solutions in the candidate stable branch
which are unstable, when self-interactions are important.

« The evolutions are very sensitive in this region of the parameter space, also
known in other bosonic models.

+ This might hint the existence of instability bands, which exist in some
models.
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Discussion and conclusion




« In previous works it had been observed that for scalar stars, stronger
self-interactions would mitigate dynamical instabilities, making such stars
more robust.

- We set out to find if such was the case in Proca stars and we developed a
model that can accommodate self-interactions.

- We found regions in the parameter space where we do find unstable models.
However we cannot find a reason for such behaviour. Might be similar to the
one found in Sanchis-Gual et al. (2022); Nambo et al. (2024).

- The regions of instability are also very sensitive to initial conditions, and the
final state can change depending on the strength of the perturbation.

- However they regain stability in the mini-Proca star limits, showing the

usefulness of the theory as a UV completion of the Proca theory.
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Conclusions

- We have seen that stronger self-interactions don’t always stabilize a boson
star and in fact it can destabilize it.

- We have seen unstable stars in the candidate stable branch, even though for
large and small A the models are stable.

- However the model gives rise to stable Proca-like stars in the appropriate
limits. It seems a good UV completion of Proca theory.
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Conclusions

- However, it was recently discovered in Herdeiro et al. (2023b) that allowing
for non-spherical dynamics, even spherical mini-Proca stars are not stable,
decaying into a prolate configuration.

+ So even our stable configurations might have a non-spherical decay channel.

- But the take home message is that the impact of self-interactions is
critically different in scalar and vector cases.
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Extra Material



- If ¢ = 0 we have complex electromagnetism with a cosmological constant.

- For asymptotic flat spacetimes, when we have ¢ — v as r — o, our matter
Lagrangian is simply

c Lp = L
M = 4;11/ 2 vl

implies an effective mass v for the vector field, thus recovering the Proca
Lagrangian.

« For A = 0 we have a Proca field coupled to a massless scalar field.

- Large values of A should give us again the standard Proca theory as it
becomes energetically costly for ¢ to depart from the VEV.



Collapsing solution
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Figure 5: Minimum value of the scalar field and of the lapse (left). Integrated energy
density over the whole spacetime (right).
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