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Scalar Fileld Darlke Mabber

a.ka. Axion like Dark Matter, BECDM, FuzzyDM, wave
DM, ULA-DM, etc...

Dark Matter is described by a scalar field. Can be coupled to the
SM: ej. Axion for QCD.

Or it can be only coupled gravitationally. We’ll work with a real
scalar field.

Lo =—(1/2)(0)" = (1/2)m"¢°

T = g"%Pap,y — 05(V (@) + 1/29m>\§bn§b,>\)

Hu et. al 2000, Matos & MOS% reaam& review on
Urefia 2002, P, Sikivie and the subject: H. Lam, 2.
Yang, 2009. Marsh &Silk Ostriker; S. Tremaine,
2013, Shive et. al 2014, and Edward Witken arXiv:
many others. 1610.0%297

It is o field representation, not a particle one.



Scalar Fileld Darke Mabker

Mass Mg > 107%°eV ko be cownsistent with CMB and LSS bounds.

The mass of the scalar field sets a cut-off in the mass power
spectrum i the small scales (large ).

Self-gravitating objects could form of galactic size. But in
general a Halo will be tomyased of a ner “soliton” and an
external cloud.

SFDM halos always have a core density profile, due to the
presence of the soliton. The more massive the Axion, the less
extended the “soliton”

Clear Predictions/differences with
respect to CDM



Motivation (mv version of ib)

Missing Satellite “problem” is actually two problems

o Observational problem: Determine the precise
nunber of satellite qalaxies. Luminosity below
detection threshold, non-complete samples, ete.

“Is theres a missing satellite problem with
CDM ? The answer is Likely to be not in the
era of DES and LSST” Harqis etb. al 2014

There is no missing satellite problem.
Kim et al, 2017

o Theoretical prabi@;m: What malees a halo not to
hos&/prodwte stars so that they are
undetectable. Or else, what nhibits the creation
of small halos? Does the answer highly
d@.pevxds on the DM nabture?



Cusp Vs Core Problem. Also kwo Prabtems

Theoretical: No so easy to nclude bmvons on
sinulakions ko debermine how DM praper&&es-r-barvoms
shape the final DM density profile.

Peiarrubia ek al. 2012 , Read ek al. 2016  Ponbzen & Governabto, Nature, 2014
Sawala et al. 2016; Zhu et al, 2016

Deqeneracies between different
effects makes not trivial to recover the “true” c{ev\s&j
profile.

Wallkeer 2011, Juan C. B, Pineda 2016



cl.‘SEk s kinematics &
cownskrainks ko Axion DM
"WQaSS



Dwars Spkeroi;dat CGralaxies & Axion Darke Matkker

A §)
T Y. = 100 — 1000

ko reproduﬂe

< O, e O / q kinemakics wikh om.j
stellar tmmpomenﬁ

We only observe one component of the velocity
dispersion along the line of sight.
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dSph’s kinematics: Constraints to axion DM

Stars and the Jeans eqn. ..z 2o remane

Relate DM mass, to stellar dist. v and velocity anisotropy B:

F?OT’&O\M& }_i (V(’U?)) +2/B<'U72~> = G@

v dr r r2

Integrate density

Assume constant B and Plummer profile for stars:

3L] 1
V(r) A measured for dSphs as

b L (o P

- Projected |.0.s. velocity dispersion with B as free param.

DATA Projection

From Plummer

Walker et
al (2009)




Axion DM halo model

ed by means of numerica

simulations
0* k.

10°
r (pc)

Hsi-Yu Schivel, Tzihong Chiueh & Tom Broadhurst, Nature,06 /2014

S S e m. 57 —0.25
2)8 =|——r | T
(14 (r/7201)*) Tsol = | 942 x 109 Mgkpe-3 (10-2ev )

6L\'l“\\-'
7'/7'.9 (1 -+ 7'/7'3)2

2 free parameters per halo + free
amisa&ropy‘
we treab the axion mass as universal
Fparame&en



AXLOWNn
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First done (for different profile in the rar_e) in
A. B&@aﬂ”@jéﬁdc}n AXGM, S, Profumo, 1404.10584v2, Now doihe with
the ULA+NFW prwfﬁta AXGM et al. 2016 and Chen, ek, al 2016,




Solibon+NrFWW halo model
Joink/Individual Amaivsis Comy&risom

Looks nice bub is
c:c;-mpie i.v biased.

AXG—M ek al. 201¢&
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We were not the ombj deceived ones
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But we khew it before
we &rj to Fmbtish D

Gonzalez et al
arXiv:1609.08¥ 8¢

Chen, ek, al
1606 090 30v]

Fornax (Jeans Analysis)

Individual

Joint 8 classical dSphs
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What is wrong? Density Profile Vs Anisotropy
Test: Apply Jeans analysis using the axion densi? pra{ii.e

to simulated qalaxies with different density profiles and
Lsobropy,

Fornax Mock (Jeans Analysis)
__Axion Model __NFW Model _
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Resulk:

— In anhalyzing the galaxy mock with the corresponding
density profile, we get a resulk biased from the correct
one.

- More important, we always recover a large core for the
axion d.emsi&v model, even when a cusp was in the
simulated galaxy. We can no trust inference from real
daka since we dont kihow neither the brue pro&t@. nor the
true anisotropy...

Fornax Mock (Jeans Analysis)
Axion Model NFW Model
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Now what?... review anockther observable

EEEmEEE
0.5 1.0 . — - slope=2 (cusp)

. Y 4
.. slope=3 (core) . /’

Fornax

2.2 2.4 2.0 2.6 2.8 3
log,y [Ryael (pc) log,, [Ryal (Pc)
Wallkeer &Peirarrubia 2011

Use a si.,m!zaie Mass eskimator
2GM(< Thalf)

DT half

< 0pps(Thalf) >=



Again, we test it with synthetic

data and use a different estimator

Mock 1 _ Mock3
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log10{pg]

log10[pS)]

Now applied to real data

— Marsh &Pop 2015
— This work

m < 1 x 10723V

The axion mass s a
COMMOIN p&rame&e‘r ko
Fornax & Sculptor, and

Twe fit the 2 stellar

FOFMLQ&QM i each

o gataxv.




my <0.4x 1072V

—— Thiswork: <012OS> Analysis

= Thiswork: Jeans Analysis
-  MP15

> — Cosmology

- 975% ]

Posterior

0.1

A, VERY, simple
calculation of the number
of substructures shows

that with this mwass, the
ULA-DM suffers a
cabtch 22 probi.em

Fural Resulks

New unbiased cownstraink
v kension wikh [arevious
amaijsi,s

(0?) —fit
Jeans analysis : 8 classical dSphs |

1011



Work U progress

S%uc&v the &Sph’s kinemakics wikh
other Eeckmiquesﬂ

Study the {uzz.v DM i more debail. Go
back to cosmology firsk... Next slides



Axiton DM
a:osmotogv



Backqground C‘.Qsmamgv

Tl = g"* ¢t — 0L (V(9) +1/29" ¢ )

2 g _
2 il o b
Has- : (zljpl+p¢) T — > EI:(PI +p1) + (pp +Pg)
IOI T _3H(p1 _I_ pI) y ¢ ] _3H¢ d¢ )Ki.eiv\-&orclom equaﬁom
For the SF we can Ldehﬁfv: k2 = 81Q

g %452 +V(®), pp= %QSQ s

We'll kallke about kwo cases

f

Free scalar field Axion field or self interacting \ = 3/xf?

V() = (1/2)m>¢° V(g) =m?*f* _1 + cos <¢>



Some convenient variable transformation to
write K& equation.

' e 2[
Q1/2'92:/{¢, Ql/z 6’2:/{ , — (‘)Vl/2
s sin(6/2) JoH s cos(0/2) Wik Yy 5
(9/:—381I16’—|—y1
3 A
s 5(1—|—wt0t)y1—|— —4sin b
= J(Wior — Wy )2
¢ ( o Qb) ¢ The free case is
recovered for
Fpy E ()
W= = — 3 — —cos b
Pp T TY
Q_/4;2,01 i _ptat:ZQw—l—Qw
I= 352 tOt_ptot TWr »Weh



Inikial conditions sebk at radiation
domination epoch (Background cosmology)

0 ~—30+y, vy ~2u, gb ~ 40, To first order
Gz (1/5)y1 + C(a/a;)~°
Y yli(@/az’)2
(g = Qgi(a/a;)’
The scalar field behaves as DM if it is oscillating Aosc < Qegq
around the minimum of the potential . i g
- (1 I A Qo aosc) ' T 0 'a?
72§y 2¢/1+m2/36
.
4?]—22 — y%& i 4)\@@/ Uiy o0 (1 - %Qm) e = @C;;i gfs

We solve this inside CLASS code with a shooting parameter



Backqground Cosmologe

CDM

r+ 5)0+ A
SFDM:IO'zz eV
10°0 eV
10 ev

107" eV

*Technical complication about Ehe
oscillations, So we have to cubk Ehem ab
some Paiv\&.

{cos, v,sin, v} =

(1/2) |1 — tanh(y* — ~3)] {cos~, siny}

{cos, v,sin, v} — 0
V> Ux

CDM

r+ 90-0» A
SFDM:10’22 eV
1055 eV
105, eV

107" eV

loaix2o3) ( Mpc =)




Linear Perturbakion Theory

ds® = —dt* + a*(t)(6;; + hyj)dz*dx’
Syncronous gauge

X : k2 QQV(gb) ot Perturbed K¢+ eq. ko
QO =i =3 — <a2 | 8q§2 > (O §¢h Linear order, and

for a k-mode

¢($vt) i3 ¢(t) gp(x,t)

_ 90 +0,V o Sosf— 09— 0V ¢
P2/2+V(p) T 922+ V(9)

5o . (ps+Dg)0s = (K*/a)gp

5. =5 / Various approaches to solve this. Qurs bries
O P @ P @ to keep information about the oscillations,
both in the background and the
5]9 & =) Do / Do perturbations for as long possible

(Mumerical stiffness)



After some variable chanqes, as we did

with the background...

k4 h'

2
Y — { 381116):—(1—(308(9)} o1 + 81:(1950—5(1—0086’)

J k2
2 2
R [ BCOSH—Z—QsmH—I—Q/ sin (g) zj 51—|—{:2(1—|—(3059) Q;/Qcos (Z) ‘Z?] o
kG = H2@22Ul 0p = 0o, 0p, = sinfd; —cosdg, —%smé’
k2
(P +1g)0¢ = 5—— Py [(1 + we) 01 — sin 00|
For the axiown Po&em&at
' k? s h'
= SSIHH—k—Q(l—COSQ) 51+k2 Sm%g—a(l—cosﬁ)
' k2 ' k2 %
67 = | —3cosf — e‘gf sinf | 01 + e‘gf (1 4+ cosf) 6 — —sinb
k5 J k5 .
Th L
kaf il )\CLQHQQ¢/2 k] o - a\/QHm thirj:r::s;—or s

can be positive or negative A— 0



For A >0 interesting thing happens.

o The perturbations can grow lager for some
scales (wavenumbers).

Qualitatively, ohce oscillations started:

L2 A/ L2 h!! k2lk2

As = (64 — 0cpm)/0cpom

my=10"%%2¢V, k=8h/Mpc~!

T&akvov\wk
ims&o\bdi&j‘

It is being
called the
exkreme axiown
bjj other authors
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CMB Cownskraints
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Semi and NOA L’ Regme
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Approximaﬁe Mass Funckion

B3k
— e | IO / _P(k)W2(kr)
----- SFDM A =10° {Top-Hat) (27T)
— SFDM A =0 (Sharp-k)
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SharF?mK Wr seems to work
better for Pi's with cubt-off

Warm DM: . ' ) Mixed DM: f=0.2,
m, ||—-'6k€'\v - my |.=lKQV

dn/dinM [Mpch]
=
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Schineider 201% & 2018



Some naive prospects for Lyman-
alpha cownstraints

—— my=4x10"?1eV ,A=0 ——- my=10"%eV ,A=8x10*
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For ) =0, strong constraints have been set.

Armengaud ek, al 2017 & Irsié ek al 2017 M > 3 X 105 el/




fO' Q Observable at Low redshift is
unatfected

*might be obvious...
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>0 Seems ko fit stighﬂj
better BOSS data. However
thermal history is affected.

Work in progress with
Armengaud ek, al,

Armengaud et.al 2017
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Work ua proqgress. Cosmological
simulations using COLA Like methods

— m, =1x10"%%eV

— m,=3x10"%eV

10°
k(hMpc™1]

m = 1L 10 eVa

“*Mpc)’]

P(k)[(h

Npart=1024, Lbox=100Mpc ~200
sEePs‘







Conclusion

oWe are in a qood track to qget to
the non-linear regime.

olots of things ko do, and
observables to compare with in
the near future.






