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@ From the last results of the w
Planck mission, the total
matter—energy content of the
universe is:

-Baryonic matter: ~ 5% o
-Dark Matter: ~ 27% 2 10 30 1000 2000 3000 4000
-Dark Energy or a positive A: Multipole moment £

~ 68%.
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. @ The standard ACDM model is the
BN current paradigm to explain
several observations:

Cosmic Microwave Background
Radiation, Mass Power
Spectrum, Large Scale Structure
of the Universe, Gravitational
Lensing, etc.
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However, CDM presents some difficulties at galactic scales:

@ Observations in dwarfs (dSph)
and low surface brightness (LSB)

alaxies show a core-like
The “core/cusp problem”: 9 .
PP behavior: p ~ r=%2 (de Blok et al.

From N-body simulations, CDM 2001, Walker 2013, McGaugh et al.
forms halos with the universal 2016).
Navarro-Frenk-White (NFW)

density profile (Navarro et al. 1996):

Ps
) = TR+ /AR

ps is related to the density of the
universe when the halo collapsed
and R; is a characteristic radius.
For r < 1, pnew — o0 (“cuspy”).

Tula Bernal Marin SFDM in Clusters of Galaxies



@ “Missing satellites problem”: CDM simulations predicts a large

population of satellite halos around a Milky Way-like galaxy than
observed (Sawala et al. 2015):
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@ “Too-big-to-fail problem”: For the MW, M31 and galaxies outside
the Local Group, there are multiple subhalos expected from
CDM simulations which have no visible counterpart. These
massive halos should be massive enough to cool hydrogen,
form stars and host a galaxy.
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Solutions to the discrepancies:

@ To include the physics of baryonic matter in the simulations
(APOSTLE, FIRE): feedback from supernovae, star formation
rate, stellar winds, active galactic nuclei, etc.

@ Alternatives to CDM, instead to look for complicated and diverse
baryonic processes:
- Warm dark matter (WDM) (Zavala et al. 2009, Navarro et al. 2010)
- Self-interacting dark matter (SIDM) (Spergel & Steinhardt 2000)
- Scalar field dark matter (SFDM) (Baldeschi et al. 1983)
- On the other side: Modifications to gravity
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Scalar field dark matter (SFDM)

@ Particle physics motivation:
Scalar Field associated to spin-0

particles described by the @ The gravitationally bound
Klein-Gordon equation. solutions are interpreted as the

@ A widely used potential to galaxy halos, with critical masses
describe dark matter includes the Mhaio ~ 1012 M.
mass and self-interaction terms: @ The SFDM model has many

] 1 variants:
V(¢) = =mP¢? + - \2¢%. 1) BEC-DM: A >> 1 (Thomas-Fermi
2 4 limit)

@ A SF of typical mass 2) Wave (yDM), Fuzzy (FDM) or
my ~10-2evand A > 0 is Ultra-light Axion (ULA) DM: A =0
assumed to form a Bose-Einstein 3) Multistate SFDM
condensate (BEC), which after (finite-temperature corrections)

recombination behaves
cosmologically as CDM.
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SFDM at cosmological scales

(Schive et al. 2014)

@ SFDM systems with M > 10'>M,, were formed by hierarchy —
Same CDM predictions for large scale structure formation, but
SFDM halos were formed very early in the universe.
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@ SFDM behaves like dust — Same CDM predictions for CMB and
MPS, but SFDM has a cut-off in the MPS, predicting less small
scale structure than CDM (e.g. Matos & Urefia 2000; Urefia-Lopez &
Gonzalez-Morales 2015):
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@ SFDM profiles are naturally core by Heisenberg uncertainty
principle.

@ Possible detection: CASPEr-Wind (Cosmic Axion Spin
Precession Experiment-DM Wind) might have the sensitivity to
detect it (Kim & Marsh arXiv:1510.01701); indirectly by pulsar timing
observations (Khmelnitsky & Rubakov arXiv:1309.5888).
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1) BEC dark matter (Bshmer & Harko 2007)

@ Considering the ground state

@ Fully BEC system at T = 0, with only, it's not possible to fit the RC
the self-interactions dominating of disk galaxies (my and b are
over the mass term (Thomas-Fermi different for each galaxy):
limit): _U116l5: THOMAS-FERMI ZERO DISK .

sin(Kr) . . iR ‘I\
poec(r) = po—p— K=m/R, _ iy
! P
po the central density, and the o j/ii R I !
halo radius where p(R) = 0: | IREEREE
r [kpc]
~ hzb U ,\fi-’:S"\\K)T.’.“'\S—.\‘-Ql!vﬁﬁi’ﬁ-&f(]l)\&{
R=m Gmg’ 1 !!ﬁ?‘\i
z e
where m, ~ 10~ eV is the £a "
boson mass, b its scattering If/vﬂ g, :
length (\ = 47h2b/my). ’ i TN
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2) Fuzzy (FDM), Wave (:'DM) or Ultra-light Axion (ULA) DM

@ SF with negligible self-interaction A = 0 and T = 0 (Hu et al. 2000;
Schive et al. 2014; Hlozek et al. 2015).

@ From their cosmological simulation, Schive et al. (2014) found
the empirical density profile (soliton+NFW):

Psoliton (1) = 5 aea57—zm, Hr < T
poou(r) = { PenD) = e
onew(r) = Greytiemps >

where p; := 1.9(my/10~22eV)~2(r,/kpc)~* and r. is the
transition radius.
@ For rotation curves of disk galaxies:
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- Results from dwarf spheroidal galaxies (Schive et al. 2016):
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3) Finite-temperature multistate SFDM (Robles & Matos 2013)
@ Motivated by the symmetries restored at high T, they included
temperature corrections to one loop in perturbations at the very
early universe (A # 0, T # 0) (Kolb & Turner 1994):

A

8

@ Initially, the SF perturbations from inflation interact with the
radiation and matter. As T decreases, a SSB occurs at T, and

the fluctuation can start growing and form halos, decoupling
from the rest of the universe.

@ Solving the perturbed EKG egs. in a FLRW background:

2
V() =~ 0P + 204+ T2 — o T

L2
py(r) —pow,

where the radius defined as p(R) = 0 fixes k;R = jx, for
j=1,2,3,... the ground and excited states.
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@ Hyphotesis: The whole galaxy
and galaxy cluster halos allow
linearly combined excited states:

sin?(jrr/R)
Zﬂ{) (jrr/R)2

PSFDM

@ Problem to constrain (my, A): pg
is degenerated (it depends on T,
Tform)'
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@ However, the model fits well the
dSph galaxies (Robles et al. 2013):
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@ Also the high-resolution rotation curves of disk galaxies:
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temperature-corrected multistate solutions.
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This is an indication that the realistic SFDM halos might include




Fit with observations of galaxy clusters

@ 13 Chandra X-ray galaxy clusters (Vikhlinin et al. 20086).
Observables: gas density pg(r) and gas temperature T(r).

@ We assume a merging scenario of multistate haloes, showing up
an effective multistate density and compare to the NFW profile.

@ The dynamical mass of the system is:
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@ MCMC method to fit the free parameters.
@ Comparison of multistate SFDM with BEC-DM:
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@ Comparison of multistate SFDM with the NFW profile:
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@ Density profiles:

10 100 1000 10 100 1000
r (kpc) r (kpc)

@ The multistate SFDM model is consistent with the Wave DM
simulations, whose empirical density profile is:

Protiton(F) = L ifr <1,
waM(r) _ solito - [1+O.(p):31(r/rc)2]8 p
pnew(r) = Gl e ifr>r.
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Conclusions |

@ The SFDM model is a good alternative to CDM at galactic and
galaxy cluster scales, addresing the “core/cusp”, “missing
satellites” and “Too-big-to-fail” problems. At cosmological scales
it behaves as CDM.

@ Other applications: boson stars, supermassive black holes.

@ The BEC-DM model (A > 1, Thomas-Fermi limit) only
reproduces the small galaxies observations, but fails for big
galaxies and galaxy clusters.

@ The finite-temperature multistate SFDM solution is a
theoretical-motivated model, and alternative to the ad hoc
empirical Soliton+NFW profile, indicating that a realistic galaxy
halo must be a multistate SF configuration at finite temperature.
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iMuchas gracias por su atencion!



