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Gravitational wave searches

Caution:
Many experimental

challenges to overcome
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Gravitational wave searches
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This talk

» Post-inflationary axion-like-particles (ALPs)
- Gravitational waves

« Dark matter substructure
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Topological strings ﬂ
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Dynamics:
- nonlinear
- large scale separation
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Simulations

- a few lattice points per string core Q

- a few Hubble patches

Memory constraints == max 5000° grid points

Simulations  log(m,/H) < log(——) <8

Physical log(m,/H) ~ 70



Scaling regime
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Scaling

-
£(t) = Length of string in Hubble

lengths per Hubble volume
< i (t) = string tension =~ nf>log(m,/H)
\.
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Scaling

£(t) = Length of string in Hubble
lengths per Hubble volume

p(t) = string tension =~ nf>log(m,/H)
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Scaling regime
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|.  Energy emitted into GWs
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° E FT |.  Energy emitted into GWs
t r I n g 2. Momentum distribution

@ A OA ~ Fiv — 070 Pat:
e
XH(T,0)
Axion-string coupling X
Sprr = —p [drdo =y —§ [d'z (0A)? +2afd)[ drdo 0, X"0,X" A, NG

Nambu-Goto action . L Axion-string interaction
Axion kinetic term

Yo = D X" X, (Kalb-Ramond action)



° E FT |.  Energy emitted into GWs
t r I n g 2. Momentum distribution
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o |.  Energy emitted into GWs
t rl I Ig 2. Momentum distribution

u(A) = nfzlog (A/m: )

[Lund & Regge, 1976]
also [Horn, Nicolis, Penco] in the context of superfluids
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o |.  Energy emitted into GWs
t rl I Ig 2. Momentum distribution

u(A) = nfzlog (A/m: )

H(A') = p(A)+(g°/2m) log(A'/A) = p(A)+m f7 log(A'/A)

[Lund & Regge, 1976]
also [Horn, Nicolis, Penco] in the context of superfluids
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t r I n g 2. Momentum distribution
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° E FT |.  Energy emitted into GWs
t r I n g 2. Momentum distribution
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Einstein Eq.

String EFT

AR = 2gf. Jda Xx §3(x% — X)

X

1
h** = 16xG <T§‘” — —n””Tﬁ)
2 S

. | ]f2 g = 2
=7 _ =
» JAX ] 1, t rg[X] Gu

— —

! !
Dimensionless functionals of shape of string trajectory

2.

Energy emitted into GWs

Momentum distribution

TH = ,uJ'dG (X*X¥ — XHX") (X — X)

& _ TQ[X] GM2
Lo — 7o|X] f2
a_l
= r = const




Einstein Eq.

String EFT .

AR = 2gf. Jda Xx §3(x% — X)

X

1
h** = 16xG <T§‘” — —n””Tﬁ)
2 S

— ra[X] fa _g
dt dt

—

!

Dimensionless functionals of shape of string trajectory

Energy emitted into GWs

Momentum distribution

TH = ,uJ'dG (X*X¥ — XHX") (X — X)

= r,[X] Gu*

!

ry rgX] GM2
Lo — 7o|X] f2 »
a_l
= r = const




|.  Energy emitted into GWs
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|.  Energy emitted into GWs

S i m u I ati O n S 2. Momentum distribution
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GW spectrum . ..

aly
dk S=ssigiase

physical




The spectrum today
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The spectrum today
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The spectrum today

10_6 l l T |

| | | | | | |

| | | | | | |

1012 10-8 104 1 10

f/Hz

}4

dpuh® (T fo \'/10\? my 10-5Hz \ °
— ~ 1 — — 1 121
dlog f U (0.26) 1014 GeV gy +0.12l0g (1014GeV) f




The spectrum today
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Targets for haloscopes
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Targets for haloscopes
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Summary

Scaling regime produces an approximately scale invariant GW spectrum

4 ' ' ' '
I', o log” gives log violations, enhances the spectrum at low frequencies

Observable by multiple experiments for £, > 10'* GeV

» At larger m, and smaller f, post-inflationary ALPS are good targets for haloscops

Much more to do
Effects of friction on the strings
Local strings
QCD axion substructure

QCD axion N> |

Similar dynamics in other theories of dark matter with mass < eV
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Substructure

Almost scale invariant

Expect order one fluctuations on scales set by Hd_1

Big fluctuations at small scales



Substructure

5(x) = P(x)_— p
p
1 Almost scale invariant
1+
Expect order one fluctuations on scales set by Ha,_1
———— e >
>
~ Mpe L
Order one over-density 6 = op/p A
becomes nonlinear at MRE Big fluctuations at small scales
: -1 Req
Size of the clump Agymp = Hy
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Substructure
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Substructure
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Gravitational collapse and wave effects

particle overdensity p | - |
de Broglie wavelength of a particle in the resulting clump

1 1 1
/1 = — = =
N/—\/A ® my m(GM / Aclump) 172 /lclump(47z' Gp m2) 172

<

>

R
[ Acyit = (47erm2)_1/4 j

R,

Size of the clump 4 ~ Hd_1

clump — R
d



Gravitational collapse and wave effects

particle overdensity p | - |
de Broglie wavelength of a particle in the resulting clump
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Other constraints

(Dark radiation) Gsocurvature perturbations)
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Relic abundance
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Relic abundance

Domain wall tension
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Dark matter

Most axions emitted during scaling non-relativistic today
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Dark matter

Most axions emitted during scaling non-relativistic today
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Dark radiation

BBN happens when H > m,
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Dark radiation

BBN happens when H > m,
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Isocurvature

The dark matter axions are iInhomogeneous

60,(37) = (pa(x) o <pa>)/<pa>

<Sa (k)Sa (k,)> =

272

k3

AL (k)0 (k — K)

I
107!}

1072}

10 100
keom/H «

fal GeV

1015 L

5x10M+

urvature

LISA observable

Isoc

SKA observable

1014 C

10:30 I

0% 107

10“24 | 10“22 |

m,/eV

IOLZO I

10L18 I

1—16



Isocurvature

The dark matter axions are iInhomogeneous
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Axion emission spectrum
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String density
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Post-inflationary ﬂ

+ Hubble parameter during inflation

+ Coupling to the Inflation
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Post-inflationary ﬁ

+ Hubble parameter during inflation
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Scaling
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Other constraints
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Other constraints
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Other constraints

(Dark radiation) Gsocurvature perturbations)

1015 B 3 Jl -

T
S

5x10 E

b v 7 LISA observable |

fa/GeV |
> |

|

(CMB anisotropies)

Dark matter)

SKA observable
1014 I | _ , _

1070 10% 107  10% 102 102 10 10716
m,/eV



|.  Energy emitted into GWs

Backreaction . oo
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