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Dark matter: Could it be that simple?

quarks

2. Electromagnetic force

Fundamental interactions

leptones

Quarks:Too much interaction

3. Weak force

4. Gravitational force




Could it be that simple?
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leptones

Charged leptons: Good enought

Fundamental interactions

1. Strong force
2. Electromagnetic force

3. Weak force

4. Gravitational force




Could it be that simple?
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Fundamental interactions

1. Strong force
2. Electromagnetic force
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4. Gravitational force

Neutrinos: Difficult to see, but observable



Could it be that simple?

quarks Fundamental interactions

.-. 2. Electromagnetic force

3. Weak force
leptones

4. Gravitational force

Is dark matter the particle that interacts
only through gravitational interactions?




The darkest scenario:

. Dark matter interacts only through gravitational interactions:
. 1) Forget how to detect it on Earth
. 2) Main properties: The mass and the spin

. 3)Consider the case of a bosonic particle that interact only
through gravitation



Scalar field as dark matter?

® A different approach: The Scalar Field Dark Matter model (SFDM)
The Dark Matter is modeled by a scalar field with a ultra-light associated
particle. (m ~ 10~23eV)

& At cosmological scales it behaves as cold dark matter
T. Matos, L.A. Urena-Lopez, Class. Quant. Grav. 17 L75 (2000),
V. Sahni and L.M. Wang, Phys. Rev D 62, 103517 (2000).

& At galactic scales, it does not have its problems: neither a cuspy
profile, nor a over-density of satellite galaxies.

Ultralight scalars as cosmological dark matter

Lam Hui Jeremiah P. Ostriker ,Scott Tremaine, Edward Witten
Phys.Rev. D95 (2017) no.4, 043541

L _sipm = Lor + L+ Ly — V/—g[PHP , + 2V(D)]


https://inspirehep.net/record/1494555
https://inspirehep.net/author/profile/Hui%252C%20Lam%3Frecid=1494555&ln=en
https://inspirehep.net/author/profile/Ostriker%252C%20Jeremiah%20P.%3Frecid=1494555&ln=en
https://inspirehep.net/author/profile/Tremaine%252C%20Scott%3Frecid=1494555&ln=en
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An ultra-light boson as dark matter?

Li_sppm = Ler + L+ Ly — /—g[PHD , +2V(D)]

AV Eo®| < 1 P, ~ 0(dust)




Ca

n the dark matter halo be a self-gravitating

ject made of ultralight spin-zero bosons?
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Possible boson star configurations
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Compactness
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Semiclassical description of the
Einstein-Klein-Gordon system

N\

G,u.l/ — 87TG<T,LLI/ >
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The program:

* Step 1:

(1) Consider a stationary, globally hyperbolic back-

ground spacetime on which the free quantum fields
are defined. The assumption of stationarity allows
one to introduce a preferred space of “positive-
norm’ solutions of the matter field equations, hence
a preferred vacuum state. This in turn provides a
well-defined theory for the quantum fields, which
we describe in terms of a Fock space representation.
In particular, field operators can be written (for-
mally) as linear combinations of creation and
annihilation operators, wherein the “‘coefficients”
are mode functions f;(x) that solve the classical
complex field equations.



Paso 1: Espacio de Hilbert

Inner product (¢17 ¢2) — /Z j/“‘n’ud}/ — —i/Z [qbl (£n¢§) — (£n§bl)¢§]d7

p(1.3). 2(1.5)] = i6¥) (¥ - §),
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A single real quantum scalar field ¢(X) = Z[&]f](X> + &;f? (X)],
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* Step 2:

(ii) Compute the expectation value (T

) of the stress
energy-momentum tensor operator with respect to a
given state 1n the Fock space. In order to do so, we
need a regularization and renormalization prescrip-
tion that removes the 1ll-defined ultraviolet behavior
of the theory, leading to sensible finite outcomes. To
achieve this, in this work, we 1impose normal order-
ing. More sophisticated approaches include, e.g.,
adiabatic subtraction [69] and Pauli-Villars renorm-
alization [70-72], although we expect the differences
between such methods and ours to be suppressed in
the limit of large occupation numbers, as we consider
in our configurations, which we also assume to be far
from the Planck scale. More generally, we can also

compute a statistical average by tracing TW with a

density operator. This offers the interesting possibil-
ity of considering, for instance, thermal states with a
given temperature.



Step 2: Semiclasical gravity
Semiclassical G'uy — 87Z'G<T 1/>'
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* Step 3:

(11) Solve the semiclassical Einstein equations G, =

87zG<TW> sourced by the expectation value (or
statistical average) of the (renormalized) stress en-
ergy-momentum tensor. This step takes into account
the backreaction of the quantum fields on the
classical geometry.



Static space-time
ds? =
02 —

f1(,%) =

Ml Mz

—az()_C))de + }/,](f)dx’dxj,
aD'(aD;p) + a’*my*¢ = 0,

1

La)ltul (.;C)),

\T



G, = 8rxG(T,,).
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Static-spherically symmetric
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Einstein-Klein-Gordon system
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This leads to:

/ 00+ 1 ! w2, Ll+1
Y, = — [72 +1—(20+ 1)7"2’72 < ( 3 ) +mg> L/J,QI(} 7“[ - ( &; - ( 2 ) - m%) V2 ne
dfy 20 + 1 w»,%_g E(E + 1) 2 2 2 2 72 —1
E B ; 2 Ty [( 02 + 2 S mgo | Y wnﬁ + 1/);16 _ I 7>
do 20+1 [(w2, LL+1) L\ 55 n], (11
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\ nt
n=1(=0) p=1,23.0=0] [n=1,0=123.]

Multistate Boson stars /—Boson Star

Boson stars

Boson stars relatives
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Name n / Relativistic Newtonian

[ Multi-¢ multistate boson star N1, N2, ..., Np 1,02, ..., 4, Sec. V
[ Multistate ¢-boson star N1, N2, ..., Np {1 Sec. V
Multistate boson star ni,na,...,np 0 49-51] [74]
L Boson star n1 0 1-6, 8] (73, 121]
¢-Boson star n1 0y 75-78] (81-83]
Multi-¢ boson star ni 1,02, ..., 4, Sec. V 83]




One state n, 1=0: Boson Stars

One state n, multiple values
for |: Multi
L-Boson Stars

Several states n, 1=0: Multi
State Boson Stars

Self-gravitating
Spherical symmetric
scalar field in the
semiclassical
approximation

One state n, | not equal O:
L-Boson Stars

Several states n, multiple
values for I:
Multi state, multi L-Boson
Stars




BOSON STARS AND THEIR RELATIVES IN SEMICLASSICAL ...
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(b) Multi-state ¢-boson star
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Name n £ W, my’ W,z /My my’N,,; my’N Fig.
0 0 0.1 0.5278 0.0195

Multi-Z boson star 0 1 0.2 0.6453 0.0243 0.8134 1(a)
0 2 0.4 0.7736 0.1442
0 1 0.3 0.7438 0.0289

Multistate Z-boson star 1 1 0.6 0.8235 0.1150 1.3884 1(b)
2 1 0.9 0.8792 0.3189
3 0 0.1 0.8679 0.0133

Multi-Z multistate boson star 1 1 0.3 0.7497 0.0439 1.2745 1(c)
1 2 0.5 0.8247 0.2259




Conclusions

o Boson stars might arise as self-gravitating compact objects made of
ultra-ligh spin zero DM particles

. There are many realization of Boson Stars relatives (such as Multistate
boson stars, L-Boson stars, and more)

. They could be more compact, with a richer structure and because their
stability, if they form, they can be astrophysical candidates.
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Extra-slides (stability)



Multi-State Boson stars (MSBS)

(1) zbnlmq)nlm(t X) + Bnlm nlm(t X)

nlm

N " 1 n
T ap = 3,20,d — Egab(ngac(i)ad(i) + 2| PP
Gab - 877<Q|Tab|Q>

ds® = — o (r)dt* +a*(r)dr® + r2dQ.

—1 - (02 2 o
dra = g{_a +4nr z (a—g+m‘2>a"¢n2+®; }._
o —1 Z [ [ o? ]
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ar¢’n = @,
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- ¢l(r)
--0,()

#1(0) #2(0)

PHYSICAL REVIEW D 81, 044031 (2010)
Multistate boson stars

A. Bernal,' J. Barranco,' D. Alic,'? and C. Palenzuela'"
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{—Boson Star

£
20+ 1
fm 2 _
> Yim@e)P =20

m=—~¢

Ty = %Z ViV, & + V,0:V,;

—uv (V@ VP + 1207 ;)]

By (t, 7,9, 0) = Ge(t, 7)Y ™ (9, )

ds® = —a?dt® + v2dr® + r2dQ?, A? = o

Uy = wg/fr‘e

39



{—Boson Star
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Letter

£-boson stars

Miguel Alcubierre!, Juan Barranco?, Argelia Bernal?,
Juan Carlos Degollado®®, Alberto Diez-Tejedor’®,
Miguel Megevand®, Dario Nuiiez' and Olivier Sarbach’>®
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Configuration M R(99%) w M /R(99%)
A(=0) 0.63 7.89 0.854 0.08
B(f=1) 1.18 12.75 0.836 0.09
C(f=2) 1.72 15.35 0.832 0.11
D(£=3) 2.25 17.22 0.820 0.13
E( =4) 2.78 19.80 0.819 0.14
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Astrophysical realization of boson stars
relatives demands stability
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Numerical perturbation analysis: Multistate boson stars

Boson stars in excited states are unstable under numerical perturbations.

Multistate boson stars, even with particles in the excited states, can be stable

| ! I ! | ! |

’ !
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Y N(l)‘ 0.020} !
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5 0.015F :

i --n=04
0.010F -

0 1000 2000 3000 4000

time
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Numerical perturbation analysis:

{—Boson Star

¢ ay w Perturbation M Ng U efR™ s ro End result

0 02 0.88401 TypeO 0.6209 0.6391 —0.0182 — _— - Stable

0 02 0388401 Typel 0.6211 0.6394 _0.0183 40005 O 0.0 Stable

0 02 088401 Typel 0.6207 0.6389 _0.0182 —0.005 O 0.0 Stable

0 02 0.88401 Typell 0.6209 0.6391 _0.0182 +0.005 -1 0.0 Stable

0 02 0.88401 Typell 0.6209 0.6391 —0.0182 —-0.005 -1 0.0 Stable

0 0.2 0.88401 Typelll 0.6238 0.6412 —-0.0174 +0.01 +1 20.0 Stable

0 0.2 088401 Typelll 0.6237 0.6372 —-0.0135 +0.01 —1 20.0 Stable

0 04 080866 TypeO 0.6088 0.6235 —0.0147 — —_ - Black hole

0 04 080866 Typel 0.6096 0.6246 —0.0150 +0.005 O 0.0 Black hole

0 04 080866 Typel 0.6079 0.6225 —0.0146 —-0.005 O 0.0 Migration
to stable
branch

0 04 080866 Typell 0.6087 0.6235 —0.0148 +40.005 -1 0.0 Migration
to stable
branch

0 04 080866 Typell 0.6088 0.6236 —0.0148 —0.005 —1 0.0 Black hole

0 04 080866 Typelll 0.6193 0.6305 —0.0112 +40.01 +1 20.0 Black hole

0 04 080866 Typelll 0.6193 0.6166 +0.0027 -+0.01 —1 20.0 Black hole

0 06 077134 TypeO 0.5248 0.5167 +0.0081 — — — Black hole

0 06 077134 Typel 0.5266 0.5190 4+0.0075 +0.005 O 0.0 Black hole

0 06 077134 Typel 0.5230 0.5144 400086 —0.005 O 0.0 Explosion
to infinity

0 06 077134 Typell 0.5246 0.5165 +0.0081 +0.005 -1 0.0 Explosion
to infinity

0 06 077134 Typell 0.5250 0.5169 +0.0081 —0.005 -1 0.0 Black hole

0 06 077134 Typelll 0.5481 05314 10.0167 +0.01 +1 20.0 Black hole

0 06 077134 Typelll 0.5480 0.5020 +0.0460 -+0.01 —1 20.0 Black hole
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Three fates of /—Boson Star
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Dynamical evolutions of /-boson stars
in spherical symmetry

Miguel Alcubierre', Juan Barranco?, Argelia Bernal?,
Juan Carlos Degollado®®, Alberto Diez-Tejedor’®,
Miguel Megevand*, Dario Nuiez' and Olivier Sarbach>¢



Linear stability analysis for

Pertubre the system
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Pulsation
equations
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Pulsation equations can be rewriten:

1 [ éA Vg
Define = dp1, = — — — —Ldpn | .
f1=4dpn, f2 " [2567"{1’? b PO

The system for f := ( 2 ) can be written in the form

v o i i df
LAf =4 (AZ) + BN - BT +CF

the form f = —Hf, with H the Schrédinger-type operator given by

d,d_d Td

Thus it is posible to count the number of unstable modes by means of the Nodal Theorem
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Solutions to the pulsation equations
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It is possible to find solutions with different nodes: energy levels
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Complementarity between numerical perturbations

and linear analysis
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Dark matter halos
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