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Relaxion (during inflation) (raham, Kepon, Rendan (2015
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Relaxion (after reheating) (raham, Kepon, Rendan (2015
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3. thermal corrections restore (H) = 0
relaxion starts rolling again
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Relaxion (after reheating)

[Graham, Kaplan, Rajendran (2015)]
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3. thermal corrections restore (H) = 0
relaxion starts rolling again

4. EWPT occurs = (H) # 0 again
relaxion oscillates around minimum @
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Relaxion (after reheating)

[Graham, Kaplan, Rajendran (2015)]
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Relaxion coupled to dark
photon can produce gravity

waves in phase 3.

3. thermal corrections restore (H) = 0
relaxion starts rolling again

4. EWPT occurs = (H) # 0 again
relaxion oscillates around minimum @
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Why should we couple the relaxion to a dark photon?

e distance between first minimum and maximum:
2 r2
Mov~2fo<fy (6= 5107)
br

® relaxion displaced from initial minimum

if A0 = A¢/fs 2 25: additional friction required! — dark photon
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Why should we couple the relaxion to a dark photon?

e distance between first minimum and maximum:

Ady ~ 2515 < fo (5 =Tl < 103)

® relaxion displaced from initial minimum
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Relaxion and dark photon evolution

e relaxion coupled to dark photon X: £ D —TTX%XWX"“’

Ay rx (X XM)

— <5+3Hé—f—¢+f—¢T:0

* relaxion reaches terminal velocity when %(XX> ~ A
) (H
¢ _& ¢ ~ O(10 — 100)
fo  rx
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Relaxion and dark photon evolution

e relaxion coupled to dark photon X: £ D —’"—XQXWX’“’
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f¢ f¢> 4a4

* relaxion reaches terminal velocity when 7 (X X) ~ Aj:
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® exponential production of some dark photon modes:
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Relaxion and dark photon evolution

e relaxion coupled to dark photon X: £ D —%‘%XWX’“”

, ALy (XX
—  $a3HG b X )
f¢ f¢> 4a4

* relaxion reaches terminal velocity when 7% (X X) ~ A{,:
) ¢H
o _cH ¢ ~ O(10 — 100)
fo  rx

® exponential production of some dark photon modes:

TXWT)) Xa(r, k) =0
¢

X (r, k) + (k2 — Mk

® anisotropic stress in dark photon energy-momentum tensor sources GWs
— stochastic GW background
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Gravitational Wave Production

GW in TT gauge )
(83 + kz)a(T)hij (T, k) =

anisotropic stress tensor
I (k) ~ [d*q E(q) E(k — q) + (E <> B)

2a(r)

— 11(7, k)
Mg
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Gravitational Wave Production

GW in TT gauge )
(83 + k2)a,(7')hij(7', k) =

anisotropic stress tensor
(k) ~ [d*q E(q) E(k — q) + (E <> B)

GW spectrum generated at reappearance:

2a(r)

o (7, k)
Mg

kXeak Ay 5 Tra
® peak frequency: Joeak ~ 2 pa ~ a_onga ~ 1pHz %) (1 GeV>
la = [k — q] = kpear
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Gravitational Wave Production

GW in TT gauge )
(83 + k2)a,(7')hij(7', k) =

anisotropic stress tensor
(k) ~ [d*q E(q) E(k — q) + (E <> B)
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Gravitational Wave Production

GW in TT gauge )
(83 + k2)a,(7')hij(7', k) =

anisotropic stress tensor
(k) ~ [d*q E(q) E(k — q) + (E <> B)
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Gravitational Wave Production

GW in TT gauge )
(83 + k2)a,(7')hij(7', k) =

anisotropic stress tensor
(k) ~ [d*q E(q) E(k — q) + (E <> B)

GW spectrum generated at reappearance:

2a(r)

o (7, k)
Mg

kXeak ara 5 Tra
® peak frequency: Joeak ~ 2 pa ~ a—ofﬂra ~ 1pHz %> (1 GeV>
lal = [k —a] = ke
IL; ~ px Yy
. peak (p?{!/f;ak>2 Qg o _10 25 2 m¢f¢ 4
) peak amplltude: QGW ’:JLpC—]w_PQI <a—0) ~ 10 <?> (T—r%)
Qowl(f) ~ L dan 5k ~ 1 (i)

Eric Madge

Gravitational Wave Echo of Relaxion Trapping



GW spectra
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Results (£ = 10)
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Results (£ = 10)

Joeak X £ Tra hQQE?,"{',k ox £72 m;u (sinOpy)"* A2 T8
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Results (& = 100)
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Relaxion Dark Matter

displaced relaxion oscillates == ultra-light dark matter [Banerjee, Kim, Perez (2018)]
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Relaxion Dark Matter

displaced relaxion oscillates == ultra-light dark matter [Banerjee, Kim, Perez (2018)]
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Conclusion

Relaxion coupled to dark photon can produce gravitational waves:

k
fpeak X gTra 5 QE?/E\]/ X

SKA will be able to probe a part of the relaxion dark matter parameter space

large portion of the parameter space will be accessible to pHz observatories
such as pAres

if the relaxion is not DM, we obtain constraints from NANOGrav
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Conclusion

Relaxion coupled to dark photon can produce gravitational waves:

k
fpeak X gTra ) QE?/E\]/ X

SKA will be able to probe a part of the relaxion dark matter parameter space

large portion of the parameter space will be accessible to pHz observatories
such as pAres

if the relaxion is not DM, we obtain constraints from NANOGrav

Thank you for your attention!
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Dark photon production
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Gravitational Wave Spectrum
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Relaxion Dark Matter

The second rolling phase displaces the relaxion from

its minimum

—> oscillating relaxion can constitute DM

[Banerjee, Kim, Perez (2018)]
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NANOGrav “signal”

the 12.5-year data set offers strong evidence for a spatially uncorrelated
common-spectrum process across pulsars in the data set, but it favors only slightly
the interpretation of this process as a GWB by way of HD inter-pulsar correlations

[NANOGrav (2020)]
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