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OUTLINE

 Dark Matter Candidate: Complex Scalar Field
Dark Matter (SFDM, or BEC SFDM)
« ASFDM Cosmology: Observational Constraints

 Stochastic Gravitational-Wave Background
(SGWB) from Inflation: Amplification in ASFDM

 Prediction of Detectability of the Inflationary
SGWB by Advanced LIGO/Virgo



Complex Scalar Field Dark Matter (SFDM),
aka Bose-Einstein Condensed Cold Dark Matter (BEC-CDM)

Alternative to WIMP CDM
Ultralight bosons (m =10-22eV/c?)

Complex scalar field: w=|y|e”

Global U(1) symmetry < conserved particle number
Psrom 0= Nsrpom ,omC2 =Qpm LPerito

Particles created with low entropy per particle = BEC

Add repulsive self-interaction: Vg, = A|y'/ 2

Small-scale structure suppressed for L < Lsrpwm:

I—SFDM = Max {ﬂ‘deBroglim ISI }

<
AdeB <> quantumpressure

|S, =~ self-interaction
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SFDM has 3 phases |

Einstein + Klein-Gordon =
(P/ P)seom = W(t)

(1) Late: w=0
(Non-relativistic matter)

(2) Intermediate: w=1/3
(Radiationlike)

(3) Early: w=1
(Stiff)

(1) + (2) = Just like ACDM

but 3) = Q -, 1

as a—0

= Stiff-SFDM-dominated
early Universe

glareheat

M(Mc2)%=1x10" 18eV Tem?®
m=8x10"2" eV/c:2

Radiationlike
~(W=1/3)
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ASFDM: the Universe has 6 eras

Inflation =» Reheating =» Stiff-SFDM-dom. =» Radiation-dom. =» Matter-dom. = A-dom.
(w=-1) (w=0) (w=1) (w=1/3) (w=0) (w=-1)
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ASFDM Model Parameters

- SFDM particle parameters: m, A/(mc?)?
M(mc2)2= 1x10-18eV-icm3 = |y ~0.8kpc
fLQ

L= 2—9”’”@1&*8 P — —mCQW‘Q - —W\Zl

- Global U(1) symmetry = Charge (particle number density) conservation
Q=n-M= Py, /(MC?) (M=0)

- BEC = Classical field description

. Tensor-to-scalar ratio: r = A/Aqg

aM Inflationar
- pl /i y
Hing = # ré, paradigm

- Reheat temperature: Treheat




Stochastic Gravitational-Wave Background from Inflation

Rl —_— 1 . . Sa =
PANS—P| IV . - "

BICEP2/Keck Array'

LIGO Llvingston

Single-field slow-roll inflation

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

Subhorizon inflationary SGWB energy density spectrum:

Aninit (K) ke 2 n,
Qqy (k@) =20 () Talkea) AL () = Ak /)




Holistic Evolution of the ASFDM Universe

 Friedmann equation

F B a < Qinf,

H? (t) = da/dt 2 =i H°2f (a’inf)g’ Ainf < @ < Greheats
~\ « a "\ a(?)
871G
| 32 - (t) + po(t) + pa(t) + psrDM(E) + paw ()], @ > Greheat,
dQcw (a 1 dpocw (a
. Qew (k. a) = (@) _ pew (@)
SGWB contribution to the dlnk Deepla) dIngk
expansion history self- A2 (k a)cg B (a(T)) 2
consistently included S i k2
g 21?12 (@) \ | (e |

conformal time: dr =dt/ a(t)

. Klein-Gordon Equation
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Pcw (1): Tensor Mode Perturbations in the ASFDM Universe

Tensor mode equation of motion in Fourier space:

GW spectrum vs. k
at scale factor a(t):

d(7)
h(7) + 2 = o (t) + K2hy(z) = 0

dQcw (a) 1 dpcwl(a)

Q : — —
aw(k, @) = =% perit(a)  dInk

2 2 / 2 conformal time: dz =dt/ a(t)

_ Ak a)e? (Th(a() [F | o

24a?H?(a) \ | hi(a(71))

* In subhorizon limit, different modes contribute to pgy (t)
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: A2 . . (k) = k"

w =1 (stiff-SFDM-dominated) era €=>» Qéﬁf,(k T) =

w = 1/3 (radiation-dominated era) €=»

w =0 (reheating era) €= Qo (k,7) =

Qs (k. 7) =

A k) 9 1

h.nit

24 4 (kr)?

Red tilt
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Pcw (1): Tensor Mode Perturbations in the ASFDM Universe
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FIG. 13. Left: Tensor perturbations for different k modes, as they reenter the horizon during reheating (with w = 0) at different times.
At /7.4 = 1, the reheating era gives rise to the stiff era. The tensor modes (strains) are normalized over their initial amplitude 7/ ;,;
for each k. Right: The exact solution for Qgw (k, ) as a function of k7 (solid curve), as well as the respective asymptotic expressions
(with the superhorizon and subhorizon as dotted and dashed lines, respectively), for a reheating era with w = 0. Qgw 1s normalized over
A7 . . /24,
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Example: Tensor modes of different k that re-enter horizon during the reheatingera: w =20
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Holistic Evolution of the ASFDM Universe
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Cosmological Constraints on the SFDM Particle Parameters

- Matter-radiation equality: Zeq

1 Qph? + Q.h?

1 eq = — q
+ Z q (e -QThQ 1 QG‘WhQ ’

- Effective number of neutrino species at BBN: Nesf

A Nest BBN (a,) B -QSFDM(CL) T 'QGW(G’)
Neﬁjstanda,rd 'QV (CL) |

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



Cosmological Constraints on the SFDM Particle Parameters
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Neff

Holistic Evolution of the ASFDM Universe
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Cosmological Constraints on the SFDM Particle Parameters
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Cosmological Constraints on the SFDM Particle Parameters
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Cosmological Constraints on the SFDM Particle Parameters
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Cosmological Constraints on the SFDM Particle Parameters

- Matter-radiation equality: Zeq

1 Qph? + Q.h?

1 eq — — 1
T Req (eq Q,.h? + Qawh?

- Effective number of neutrino species at BBN: Nesf

AN.g BBN(Q) - Qsrpm(a) + Qaw(a)
Neﬁgstanda,rd 'QV (CL) |

‘- SGWB measured by laser interferometers:
Qcw(f) at a=1



Stiff-SFDM-dominated era amplifies SGWB from inflation

LIGO can detect ASFDM-amplified inflationary SGWB for a range of
SFDM parameters (m, A) that satisfy cosmological constraints, for
values of tensor-to-scalar ratio r currently allowed by CMB expmnt and
a large range of reheat temperatures T, .4t

For given r and A/(mc?2)2, the marginally-allowed model for each T, o4
has the smallest m that satisfies cosmological constraints and
maximizes the present energy density of the SGWB for that T, ¢4

SGWSB is then maximally detectable for T,.,.,; Values for which modes
that re-enter horizon when reheating ends have frequencies today
Inside LIGO sensitive band.

GW experiments can already place a new kind of cosmological constraint
on SFDM!
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Stiff-SFDM-dominated era amplifies SGWB from inflation

- present neutrino decoupling T reheat = 2x10* GeV
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Example 1 prediction for aLIGO/Virgo

ASFDM predicts 2-parameter broken power-law spectrum at high frequencies:

QGW (f) — QGw,peak {

frequency (Hz)

TA
97/ 64)(f/ f o) 2

f<f
f>f

peak

peak




Stiff-SFDM-dominated era amplifies SGWB from inflation

Example 1 prediction for aLIGO/Virgo
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observational time (months)

Spoiler alert! Upper limit from O1 data excludes this example case at 95% CL (1612.02029)



Stiff-SFDM-dominated era amplifies SGWB from inflation

Example 1 prediction for aLIGO/Virgo
1000
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-
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observational time (months)

Spoiler alert! Upper limit from O1 data excludes this example case at 95% CL (1612.02029)
— The Age of Dark Matter Search by GW Detection has Begun!



Stiff-SFDM

-dominated era amplifies SGWB from inflation

Example 2 prediction for aLIGO/Virgo

10 present neutrino decoupling Treheat— 10 GeV
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ASFDM predicts 2-parameter broken power-law spectrum at high frequencies:

f/ fpeak’ f < f
— k
QGW(f):QGW,peak { -

(972'/ 64)(f/ fpeak)-Z’ f>f

peak




Stiff-SFDM-dominated era amplifies SGWB from inflation

100

expected SNR

0.01

Example 2 prediction for aLIG
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This example case is NOT excluded by O1 datal
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Broader ASFDM parameter range to be tested

m (eV/c?)
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Broader ASFDM parameter range to be tested
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Stiff-SFDM-dominated era amplifies SGWB from inflation

SGWB'’s from (SFDM + Inflation) vs. (Unresolved Binary Black Hole Mergers)

Case 1

Case 2
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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)

o Case 1 Case 2 Case 3
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Summary

(A) Complex SFDM has stiff and radiation-like relativistic phases

=» Increases the expansion rate of the early universe

(B) Stiff-SFDM-dominated era amplifies SGWB from inflation

=» Subhorizon tensor modes contribute a radiation-like energy density to the background universe
=>» Further increases the expansion rate during the radiation-dominated era

(A) + (B) =*Cosmological Constraints on SFDM Particle Parameters

 Observational constraints on Ny and z,, = constraints on allowed range of (m, A)

_ A _
D310 Nt iom® < = < A Ix107 1 ey cmS,
(mc?)
4
Treheat &
g O
103 GeV '\ 0.01’ Treheas < 107 GeV,

Mmin =~ (5 x 10721 eV /c?) x <

\ ]_, Treheat < ].03 GGV.



Summary (cont.)

Stiff-SFDM-dominated era amplifies SGWB from inflation=>GWSs detectable!
« ASFDM predicts 2-parameter broken power-law SGWB spectrum

f/ fpeaki f < 1:peak
QGW(f) = QGW,peak

Expected SNR depends on the position of fpeak relative to LIGO band

971 64)(f/ T )2, f > fpeax

e LIGO can detect ASFDM-amplified inflationary SGWB for a range of SFDM (m,
A) that satisfy cosmological constraints, for tensor-to-scalar ratio r values
currently allowed by CMB and a large range of reheat temperatures T, 04

 For given r and A(mc2)2, the marginally-allowed model for each T,,,.,; has the
smallest m that satisfies cosmological contraints and maximizes the present
energy density of the SGWB for that T, .4 -

« SGWB is then maximally detectable if T, ., S.t. modes that re-enter horizon
when reheating ends have frequencies inside LIGO sensitive band.
= e.g. For marginally-allowed models with r=0.01 and A/(mc2)2= 1x10-18 eV-1cm3,
8.75x103 < Treheat (GeV) < 1.7x105 is excluded at 95 CL by LIGO O1 data.
=But for the same illustrative family, 3o detection by O5 data (in 2022) is possible

for 600 < Treneat (GeV) < 107 GeV.
= GW experiments can already place a new kind of cosmological constraint on

« SGWB (inflation + ASFDM) can exceed that from unresolved BH and NS mergers!



Summary (cont.)

Q: What happens to ASFDM if Ng¢t ggny = Nett standarg = 3-046
IS someday favored by abundance measurements?

A: Upper limit on A Ny ggny remains, but lower limit is relaxed

= allows A — 0 limit (i.e. SFDM non-self-interacting), since SFDM then
has no radiation-like (w = 1/3) intermediate phase

=» SFDM transitions directly from stiff (w = 1) to matter-like (w = 0)

=» But stiff phase must still end before BBN 2 m>m_.

§

Treheat \/T
Treheat = 103 GeV
2 ) = ;
Mmin =~ (5 x 10721 eV /c?) x < 103 GeV '\ 0.01

\ ]., Treheat < ].03 GGV.

=» AND even if A — 0, ASFDM stiff phase amplifies the inflationary
SGWB enough to be detectable!!
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