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Abstract: In this talk | will show how the gravitational potentials generated by ultralight dark matter halos interact with gravitational waves,
resonantly amplifying them. Significant amplifications can be achieved in dense dark matter environments, where the Floquet exponent is increased.
The frequency of the amplified gravitational wave is equal to the axion mass when one requires resonance in the first band. For some masses
considered, the gravitational wave frequencies fall within the Pulsar Timing Array range, representing an interesting possibility to test ultralight
axions as dark matter candidates.
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Parametric resonance

irsa: 24010088 Page 3/27



Why does this exponential instability take place?

x(t) + Ax(t) — 2q cos(2t) x(t)=0

T=x X=(x,m)7 X=UX

= (e )
— \—A+2qgcos(2t) 0

Fundamental matrix of solutions: O(t, ty)

Solve O(t,ty) = UO(t, t,) fromtytoty + T
O(to,to) =1

Eigenvalues 0% - Re(u*) = % In |o*|

x(t) o exp(ut)
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Resonance bands
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In light of GW physics,

* Non-linear order:
interactions between
cosmological
perturbations might lead
to resonance.

* GWs are damped via
resonance with photons:
Phys.Dark
Univ. 40 (2023) 101202,
R. Brandenberger, PCMD,
A. Ganz, C. Lin.

Are there scenarios
where gravitational
waves are amplified
via parametric
resonance?

.D45 0.465 0.48 0.495 0.51
1e [seconds] from 2017-08-14 10:30:43 UTC (1186741861.0)
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ULDM halo

Why as dark matter?

* Incompatibilities between the CDM description and the observed
data on sub-galactic scales.
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| Figure from arXiv:astro-
{ ph/0003365, Wayne Hu,
| Rennan Barkana, Andrei
Gruzinow.
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The halo description (ground state):

ds? = —(1 4 2U)dt?> + (1 — 2U)(dx? + dy? + dz?) UU < 1
o(t) = ¢g cos (mt)
1
¢ = §m2¢(2):
p = —pcos(2mt) . )
R = —6U +2V?(2U - U)
Einstein equations Uy = U

U(}O(‘I:;2

2V2U0 —

) P
5T — 6817 oU = = cos (2mt)

Oscillating gravitational potentials @@ 0U = —oU
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Gravitational Wave and ULDM halo

interaction

Gravity bends gravity

From gravitational wave lensing:

s — fe g

Bu(v/=g9" d,h) = 0

In the context of ULDM:

g/,w g includes oscillating ) _ gravitational wave as
, —_— —

gravitational potentials the oscillator

ﬂ Interaction that might lead to a Mathieu equation!
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Expanding the equation of motion,

h— (142U +20)V2h — Uh — 3Uh +
+0;h0;U — 0;h0;U = 0

h)! fd?’:nexp (—ik - £)UgV2h +
L p

5 73 COS (27)hi = 0
1706

irsa: 24010088

mt
exp (0U )h

l

To kill friction terms

i
h
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hy, + Ahy, — 2q cos (27)hy, = 0 1e10

q= p/m2/4 «1 | —— Numerical solution
' Floquet estimate

o

2 o

Ahy = k—zhk — igfap:cexp (—ik - ©)UgV2h <
m m —

~

k2 - =

= ﬁhk <

“0 2000 4000 6000 8000 10000

Floguet instability theory:
hi =~ hi o< exp (q7/2)

exp (6U) ~ 1
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Amplification estimates

p = fPDI\J f — ] —— ULAs as the totality o@dark matter

density in the

solar region | p = O.4GeV/cm3

10-226V — 3.9 x 107 years
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Amplification estimates

p=fpom f=1

density in the

solarregion ~——p = 0.4GeV/cm®

10-226V 3.9 x 107 years
m ~ 10 4%¢

mmmm) Higher densities are required to reduce the waiting time.

* arXiv:2212.05664 [astro-ph.HE], Man Ho Chan, Chak Man Lee.
* arXiv:2103.12439 [astro-ph.HE], Sourabh Nampalliwar, Saurabh K., Kimet Jusufi, Qiang Wu, Mubasher
Jamil, Paolo Salucci.
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In extremely dense regions the amplifications might reach significant values:

p=14x%x10"GeV/cm?
o

16
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hi ~ hy o exp (q7/2)

—24 =22

l0og10 (M) [eV]
lﬁ_l

PTA frequency range

p/m* ~ 0.01

13
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What about the constraints already imposed to the ULA fraction as dark matter?

CMB+BOSS

15 _ SPARC
20 — Eridanus-lI|
o Lyman-a
— +DES
-3.0 T S ——
27 -26 -25 -24 -23 =22
log1o(m)[eV]
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CMB+BOSS: Planck and LSS
bounds from galaxy clustering.
SPARC: bounds from galaxy
rotation curves.
Eridanus-II: bounds from
Ultrafaint Dwarf Galaxy Eridanus
Il.
: bounds from Lyman-a

forest.

: bounds from galaxy weak
lensing@ and Planck.

Implicitly considered:

bounds from the UV luminosity
function and optical depth to
reionization.

bounds from the M87 black hole

spin.
14
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Considering constraints:  p = fppum p =14 x107GeV /cm3
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Summary and open questions

e G@Gravitational waves are amplified via parametric resonance with the
oscillating gravitational potentials of ULDM halos.

* Significant amplifications nowadays can only be achieved in very dense
regions.

 Possible GW sources: primordial perturbations and supermassive black
hole binaries (10~8Hz to 10~ 13Hz).

 Upper bound on the amplifications (h < 1).

* Can modified gravity or the GW background boost the resonance?
* Can we detect the resonant amplification (e.g. PTA)?
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Constraining the bispectrum from bouncing
cosmologies with Planck

Based on PhysRevLett.130.191002 and JCAP11(2021)024
In collaboration with Ruth Durrer, Nelson Pinto-Neto, Bartjan van Tent

Paola C. M. Delgado

Faculty of Physics, Astronomy and Applied Computer Science

rato azul c esea o meio - I I . . .
Descri¢do gerada automaticamente com J agl seone U LASE Itv
confianga baixa
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CMB anomalies on large scales

Power suppression: Parity asymmetry:

1
S12 = / [C(())]2d(cos 0), RTT((_ - Dy (o)
1 ma D—((max)

L] T

N

Sy /> & 15001 K* ACDM: 45000..K*

Dipolar anomaly:

15

E.
Direction = -
Method A (2,8) [°] =
Commander .. 0.067 £0.023 (230, —18) £ 31 all
R 0.069 £ 0.022 (228, —17) = 30 °f
SEVEM . . . ... 0.067 + 0.023 (230, —17) + 31
SMICA . .+ 0.069 + 0.022 (228, —18) + 30 33 ” pe
..
SEVEM-100 .. 0.070 £ 0.023 (231, —19) £ 30 . max
SEVEM-143 .. 0.068+0.023 (230.—17)+31 lable from Planck 2015 Figure from Planck 2015
SEVEM-217 .. 0.069 +0.023 (229,-20)+31 (arXiv:1506.07135) (arXiv:1506.07135) 5
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iiiii

Bounce proposal to mitigate CMB anomalies

Bounce preceding inflation, |. Agullo, D. Kranas, V. Sreenath (arXiv:2005.01796).
Scale factor around the bounce:

a(t) = ap(1 + bt?)"
Rb = 12nb

Adiabatic vacuum in the far past Non-Gaussianities

1 1
CmOd Cg (1—|—Ag) 08(():F8T2/dqq ( )ICH( )l
[ OT

C{Ol ( q) £ fill
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q fu for Rg =1 I

ful for Rg = 1073 I5°

§ n v
V1/6 | 0.6468

—0.7 33720 8518
0.21 | 0.751 —1.24 059 43772
kP k<
Pag(k) = As { (k/kp)? if ki < k < kp

B(klastk3) =
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(k/kp)"s—1 if k> kp

P (k1) Pa(k2) " P g (k1) P (k3) . Pag(k3) Pz (ko)
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1000 : 0.20 =
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The CMB reduced bispectrum
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The signal to noise ratio (70% of sky coverage):

-
var (b£1€2€3) = g€1€2€3 Cfl Cf2 C€3 (1 + 56132 + 55163 + 63332 + 2631 fz 53263)
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Comparison with Planck data

2

1

Bispectrum with the full transfer function:
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<Bth-' BObS> bouncing bouncing
ful = <Bth._ Bth) (g=—0.7) | (g=—1.24)

gA  gB local 0.013 0.006
(BA, BBy = Z €1lal3 ~E1 bot3 equilateral 0.006 -0.002
01 <0<t Veyeyt5 orthogonal -0.039 ®,-0.028
point sources -10—10 _10—11
Cy = L CIB -10—' -10-8
VFiFu lensing 20.002 20,001
Elr— (B’. BJ) bouncing (g = —0.7) 0.91
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bouncing (¢ = —0.7)

160 £+ 260

bouncing (g = —1.24)

19 £+ 34

Excluded by 6.40 and 14c respectively!
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Summary

excluded by the Planck data
other values of n (or q)
p-value of 10%

p-value of

sensitivity of the Planck data
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