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Scalar-field dark matter (SFDM)

“a zoo of (similar) animals”

Ultralight axions (ALPs)  Bose-Einstein-condensed DM

(axion-like potential) / (BECDM)

fuzzy | guantum wave DM, free SFDM
(no self-interaction)
repulsive / fluid DM
(strong, positive self-interaction)

They all obey a similar EoM, if an effective classical field description is
adopted; its physics gives rise to a minimum clustering scale. To “resolve”
galactic small-scale problems, need ultralight particles

1023 eV <m < 10-20¢eV
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SFDM and power spectra

Hlozek et al (2015)
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Note: my talk focuses on deviations from CDM
on a grand scale, in fact wrt the
evolution of the background universe !!

How much “deviance” is allowed ?

- Neff and GW:s help to find out
— constrain SFDM particle parameters



Scalar Field Dark Matter (SFDM)

real or complex scalar field w ( model-dependent)

hQ L
Y = —q 01'01'—1( )
2m

units: [L] = [eV/em®], [w]=cm 32, (+,-,-,-)
V(w) is model-dependent
QCD axion, ALPs: Vo = fa m ( 23| [1 — cos( u/faﬂ
— upon expansion: quadratic (+ quartic)
1 A

phiA4 - potential: Ir(tr) — Enzc |11|2 _|11|‘1 \ — j\niz;)’

Quartic term: A is an energy-independent coupling constant, A > O: repulsive, A < 0: attractive

-~ fundamental SFDM parameters: m and A



Scalar Field Dark Matter (SFDM)

if wis.complex — U(1l)-symmetry, particle number conserved

- no self-annihilation ! _ 2 -0
LPseprv.o= AsppproMC™ =32 par Perito

If wis_real — no U(1) symmetry, self-annihilation, but particle number
approximately conserved in the non-relativistic limit

Equation of states (EOS) encountered: ,oscillation 0 <w < 1/3
,slow-roll”  w=-1
Jfast-roll”  w=1

Eventually, in order to behave ,,CDM-like* (W,yerage = 0) :  need quadratic term

all models require w =0 after z — Imposes important constraint !
average eq



Equations of motion (EoM)

Klein-Gordon equation for the SFDM field

2 2
o f m=c 2Am
g 0,0, —g""' 1%, 0510 + 5 (DS 7 \t/)\zl/) — 0
. 1 8
...which is minimally coupled to GR R,, — =g R = T 1.

2 4

A standard flat FLRW background Universe is usually assumed.

(side remark: In the ,,CDM-like* SFDM-dominated epoch, well within the horizon, the non-
relativistic limits yield a nonlinear Gross-Pitaevskii (,Schrodinger®) equation:)

N h?
zf—} = ——AY + A\Y|*Y + m®yY
ot 2m

A® = 4nGm|y|?



Evolution of background SFDM in an FLRW Universe

Compare size of SF oscillation freq w to Hubble expansion rate H
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Fast oscillation regime (,oscillation”): ﬂ n ” n n ﬂ F “ ” ﬂ ” “ ﬁ .
w/H>1 2x107"
disp.relation: w = w (V), £ o
€.g. me? 2\ %
w = T 1+ WWP g 0
“easy” g R
Slow oscillation regime: o U | | U I | U U h U U h u
w / H << 1 _3"101121000' | I I—1;ODI I | I—1CI_JOO I(x ‘s}l I —5‘00 | I I ‘
“hard” |

kinetic energy = 0: w=-1 CC EOS (“constant energy density”)
kinetic energy = 0: w =1 stiff EOS (“kination”, ,stiff phase”)

‘ Non-standard expansion histories and
consequences for structure formation !



real vs. complex SFDM

Real e.g. QCD axion, axion-like particles:
first w = -1 (CC phase), later w = 0 (CDM-like phase)

Complex e.g. our model, Arbey et al.(2002), Boyle et al.(2003):
first w = 1 (stiff phase), later w = 0 (CDM-like phase)
if A > 0 - w = 1/3 (intermediate rad.-like phase)

Real: whether EOS stiffer than w = 0 depends on choice of potential and
initial condition. That choice is usually set the same than for axions — CC

Complex: the requirement of setting the (conserved) charge density to
the present-day DM abundance leads naturally to the stiff phase !

SFDM with w Z 1/3 affects ANeff = Neff - 3.040 !

While w = 0 required not later than z,,, deviations are allowed
before BBN, but lead to constraints on the SFDM model !



Field oscillations of SFDM: real vs. complex

e.g. in the “CDM-like” SFDM-dominated epoch (“matter domination”):
the average w oscillates around zero, however:

Real field: Complex field (large-charge limit):
w oscillates between -1 and 1 w oscillates between -¢c and +¢ where ¢ <<< 1
‘ - - - - ‘ 1x1078
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s o5 = 5x1077
o b e [m]
Lo LL
)] wn
< =y
% () SRS 0 S O O 0 Ot NN RSSO S S S o o g o}
L L
)] [9p)
Q. o
2 z
T M(me?)?21x107'8 ey Tem® 1 07 b A/(me2)P=1x10"18 eV lem3
m=1x10"F eV/c m=1x10"2" eV/c?
-1
~0.7 ~0.6 ~05 —(;A -(;As -(;2 -(;.1 0 i 07?0.7 —0I.6 —(;.5 -6.4 -(;.3 -(;.2 -(;.1 0
look back time (yrs) look back time (yrs)
ANV impacts structure formation, down to

pulsar-timing signals within the Milky Way !



real vs. complex SFDM: evolution of Q's

Li,TRD,Shapiro (1310.6061)

Magana, Matos (2012)

> 10—=g-——-—=-————— === —mmm - mm—m - - - - -
B = P it -
% - Dark Matter « a -
g r Baryons ]
= 0.8 Radiation |
LT Lambda i
£
7] = i
Q i
© i [
5 0.6 :
e L ;
< r .
.8 L |
8 0.4
" i +0.47

L AT — Al
%" | *\E’ff — 3.71_U4r
c
X 0.2 B
>
& L
3 L
0.0 H I R 3 | |

107"2 1071° 1078 10°® 107* 1072 10°

Scale Factor

(Tn’ﬂ )\)ﬁducial = (3 X 10_21 GV/CQ’ 1.8 % 10_59 ev CmB)



cSFDM with repulsive Sl has 3 phases:

EOS: (p/p)srpm = W(Y) 107
1070 L
(1) Early: w=1 g
(stiff EOS) o~ 107F
(2) Intermediate: w = 1/3 ok

(radiationlike, if positive SI)
(3) Late: w =20
(non-relativistic matter)

- change of standard

M(mc?)?=1x1 0"15
- m=8x107"" eVi/c”

Eanuc aeqi

Radiationlike
. (W=1/3)

8 e\/:"1cm3

. . 107"
expansion history !
10"
Q¢rpy — 1 at early times Y
10—16

| | |
10—12

1078 1074

scale factor

Early Universe dominated by stiff cSFDM !
— implies additional N4 during (1) and (2) !
— amplifies primordial GWs from inflation during (1) !




ASFDM Model (2014) + GW (2017)

2014: take the same cosmic inventory as the basic ACDM model, except that
CDM is replaced by SFDM - ASFDM
2017: add stochastic GW background (SGWB) from inflation self-consistently to it
O =Qp + Qg

Cosmological parameters from Planck 2013/2015 (assume massless SM neutrinos)
Qp =1-Q,-Q, (2014)

Qp=1-Qp— Q- Qgw (2017)
 SFDM particle parameters: m, A/(mc?)?
M(mc2)2 = 1x1018eV-icmd® = [y =0.8kpc

A
2

2 1
L= 5—g" 0"y — smc[]* = Slul*,

- Global U(1) symmetry = Charge (particle number density) conservation

O=n—n=Pyryo /(mc*)

« Tensor-to-scalar ratio: r = A{/Ag

My — inflationary
E\/rA .
; paradigm

‘”inf -

* Reheating temperature: T,eneat



Stochastic Gravitational-Wave Background from Inflation

BICEP2/Keck Array

LIGO Livingston
Single-field slow-roll inflation

- 1> 0.001
- Consistency relation n, = -r/8

Subhorizon inflationary SGWB enprgy density spectrum:

l"‘;"} ('!{F) "IH' - A2 'y A ML
Q. (k a) = = ) Tk, a), A2 (k) = Aq(k/k)




Pew (t): Tensor Mode Perturbations in the ASFDM Universe

a'(t ,
Tensor mode equation of motion in Fourier space: |1} (7) + 2 {_( _}j h(t) + k“h(7) =0
alr
o dQgwl(a 1 dpowla
el cw(a) _ _ pow (a)
GW spectrum vs. k dlnk Perit(@) dlnk
at scale factor af(t): B &'ﬁ_[k,a}cz B (a(7)) ; 0 conformal time: dr = dt/ alf)
24a2H2(a) \ | hi(a(7)) )

+ In subhorizon limit, different modes contribute to pew (1)
according to the expansion phase during which they re-entered
the horizon, how many e-foldings elapse in each phase since
horizon crossing, and the initial power spectrum: A; . . (k) = k"

Az. (k) 9 1
w = 0 (reheating era) €2 QU (k, 7)= ”-l’::{ : Z(!’c 7 -
v T
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=1 (stiff-SFDM-dominated) era €= Q”“” T L L
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Holistic Evolution of the ASFDM Universe

* Friedmann equation

4 H_2

inf? a < Aipf,
3
g da/dt\? o [ Ginf o
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(1 '
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conformal time: dr =dt/ alt)

* Klein-Gordon Equation
heoa
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ASFDM+Inflation: the Universe has 6 eras

Inflation —> Reheating —> Stiff-SFDM-dom. —>
(w=0)

(w=-1)

log4o [Hubble parameter (3'1)]
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N

N, during BBN
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ASFDM + SGWB

Limiting the duration of the stiff phase after reheating and before BBN
constrains SFDM parameters via their contribution to N o5

o 40 T T T T T T T T
« for given r: G e e g R
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Constraints from
z.q and BBN

on the SFDM
parameters with
GW background
Included

Zeq = 3365 +/- 44
(68% C.L.)

Neff, BBN = 3.56 +/- 0.23
(68% C.L.)
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Constraints from
z.q and BBN

on the SFDM
parameters with
GW background

iIncluded
¥ A ¥
23510 B eV em® £ <L A1 17 & em®.
(me?)?
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i 8 T i TN 15BN



Cosmological Constraints on the SFDM Particle Parameters

Matter-radiation equality: Zeq

e = [ Quh? + Q. h?
~ER = (eq ; Qr;-h-g -+ gl(}\,\:’hgj

Effective number of neutrino species at BBN: Nest

ANegBBN(a) _ Qsrom(a) + Qow(a)
iwci‘f.sta.ndnrd Qlf (f‘r*) |

# SGWB measured by laser interferometers:
Qow(f) at a=1



Pew (t): Tensor Mode Perturbations in the ASFDM Universe

a'(t ,
Tensor mode equation of motion in Fourier space: |1} (7) + 2 {_( _}j h(t) + k“h(7) =0
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+ In subhorizon limit, different modes contribute to pew (1)
according to the expansion phase during which they re-entered
the horizon, how many e-foldings elapse in each phase since
horizon crossing, and the initial power spectrum: A; . . (k) = k"
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ASFDM + SGWB:
enhanced signal of inflationary SGWB due to DM !

Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

Q)

can be measured/constrained by GW laser interferometers !

Case 2
- present neutrino decoupling T rcheat = 2x10% GeV
L I I
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100 iNANOGRAVi W 05 |
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107" m g ACDM . .
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ASFDM predicts 2-parameter broken power-law spectrum at high frequencies:

1 foears F< Frm

Qo (H=QLw poae X3 9 )
GW GW ,peak 6_Z(f/f;gak)_ , f>fpeak



ASFDM + SGWB:
enhanced signal of inflationary SGWB due to DM !

Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

can be measured/constrained by GW laser interferometers !

Case 2
10000

1000

-
]
o

—_
=]

M(mc2)2 = 1x10-18 eV-1cm?
m= 1.6x10-19eV/c2

:  Treneat = 2x10* GeV

expected SNR

0o 20 40 " 60 80 100
observational time (months)

Upper limit from LIGO O1 data excludes case 2 at 95% CL
— The Age of DM Search/Constraints by GW Detection has begun !




Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

ASFDM + SGWB:

can be measured/constrained by GW laser interferometers !

Case 1
107" present neutrino decoupling Treneat = 10° GeV
e e T T T T T A T
3L ir=00l,n=-18 | initial LIGO/Viigo
- 2,2 18 _\y-1_.3 :
108k M(mc®) _211:«:10 ) e\.;f cm sl N X |
~ [ I m=8x107""eVic 4 % L7 aLlGONirgo
eV [ EPTA P\ o
= 107° | 'NANOGRAV & 05
G@ S PPTA -
10_11 B ; :
o ¢ CMB i ASFDM
L N\ Tgos<0.07 g ACDM
107° ™ g \
1U—1? i i e e o |
107 107™° o 107 10 10°

frequency (Hz)




ASFDM + SGWB:

Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

can be measured/constrained by GW laser interferometers !

Case 3
- present neutrino decoupling T oheat = 10° GeV
T : T T I T T T I I: T T I T T T I T T T I T T I: I T T T
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Stiff-SFDM-dominated era amplifies SGWB from inflation

SGWB's from (SFDM + Inflation) vs. (Unresolved BH + BH and NS + NS Binary Mergers)

w5, . Casel _ Case2 _Casesd =
3 4 6
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ASFDM + SGWB:

Limits from O1 of LIGO (1612.02029):
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A detection of the inflationary SGWB is possible by looking
for signals:

a wide range of SFDM particle parameters and reheat temperatures can
be already tested by aLIGO/VIRGO limits on the SGWB:

* some models (e.g. ,,Case 2“) are already ruled out from O1 limits

* the newest O2 limit does not exclude ,,Case 1" and ,Case 3", but other
models are ruled out, which may push beyond the allowed limit

* even more models will be tested by the time of 05

- current(!) GW laser interferometer experiments can already
constrain DM models !

Bohua Li, Tanja Rindler-Daller, Paul R. Shapiro 2014, PRD, 89, 083536
(arXiv: 1310.6061)

Bohua Li, Paul R. Shapiro, Tanja Rindler-Daller 2017, PRD, 96,063505
(arXiv: 1611.07961)



Conclusions

SFDM candidates may resolve small-scale problems of CDM
structure formation

However, deviations from CDM are also possible on large
scales:

- non-standard expansion histories before and after BBN

- manifest field oscillations distinguish SFDM from CDM, and
amplitudes differ between real and complex scalar-fields

As a result: SFDM model parameters are constrained by the
CMB, BBN, stochastic grav.wave background from inflation,
large-scale structure, pulsar-timing, etc.

Some of these constraints are already tighter than those
inferred from small-scale structure

Li, Shapiro, Rindler-Daller 2017 PRD, 96, 063505 (arXiv:1611.07961)
Li, Rindler-Daller, Shapiro 2014 PRD, 89, 083536 (arXiv: 1310.6061)



