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Nano-Hz stochastic gravitational waves
and the PTA




The spectrum of gravitational waves

Gravitational waves: Small ripples over background spacetime.

THE SPECTRUM OF GRAVITATIONAL WAVES @esa

Observatories Ground-based " Space-based observatory * Pulsar timing array Cosmic microwave
& experiments experiment * ; background polarisation

T EHEES milliseconds

Fre quency HT:H 100 ' ‘HVH:H"':“

Cosmic fluctuations in the early Universe

N

Cosmic n e

sources — Compact object falling . B
onto a supermassive Merging supermassive black holes
Supernova | Pulsar black hole

~

esh | Nasy
/ i
Me_rgin%neutron_ Merging stellar-mass black holes Merging white dwarfs N

stars in other galaxies) | in other galaxies | In our Galaxy
N

L VAS J
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Pulsar Timing Array as GW detector
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Pulsar Timing Array as GW detector

- Pulse period
D

i

Pulsars are precise clocks. ﬂ @

Radio Intensity

Time
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Pulsar Timing Array as GW detector

- Pulse period
"

i

Time

Jur.

Radio Intensity

Earth-pulsar system as gravitational wave antenna.

Estabrook, Wahlquist °75;
Sazhin °77; Detweller 79
Hellings, Downs ’82

SSU 2026 Busan Sudhakantha Girmohanta



Pulsar Timing Array as GW detector

- Pulse period

. z 4 "
Pulsars are precise clocks. M\

Earth-pulsar system as gravitational wave antenna.

Estabrook, Wahlquist °75;
Sazhin °77; Detweller 79
Hellings, Downs ’82

0.5

0.4

0.3

0.2F

GW: distinctive quadrupolar inter-pulsar

0

Expected correlation %(C)

correlation.

-0.1F

-0.2

| | | | | 1 | |
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Angle C between Earth—pulsar baselines (degrees)
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PTA discovery of nano-Hz gravitational waves
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PTA discovery of nano-Hz gravitational waves

PTA collaborations have reported evidence for nano-Hz stochastic gravitational waves.

EPTA+InPTA
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PTA discovery of nano-Hz gravitational waves

PTA collaborations have reported evidence for nano-Hz stochastic gravitational waves.
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Phase transition interpretation of the PTA



Spectral Shape of the Observed GW Signal

NlANI(I)(?Irla"l’ 15yrl | | | | |

Hint from experiment: phase ~13

transition can better fit the observed
spectral shape of GW.  Eiiis et. al. (2023)

—14

N N —

| |
— —
@) O
|llll|]lll|llll|llll
~p
&
J
D
=3

Amplitude log,, A
|
=

i holodeck i SMBHB -
Theory challenge: find concrete field | —— NGI5 i prediction
) . . . . 18 L1 1 1 L1 1 1 I I I I L1 1 1
theoretic models, ask: is it consistent? 2 3 4 5 6
Y Slope
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Cosmological first-order phase transition
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~

Cosmological first-order phase transition

Ist order 2nd order
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Cosmological first-order phase transition

T
._VW/ ._VW/
/ | ' /
® B -
O-.. e
Tan 5.
’ ¢
st order 27nd order

@ Observed nano-Hz peak frequency implies phase

transition at ~ O(GeV) temperature.
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Key arguments
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Key arguments

1. Phase transition interpretation of PTA: Nano-Hz stochastic
oravitational waves from a GeV-scale first-order phase transitionin a
nearly conformal dark sector.
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Key arguments

Phase transition interpretation of PTA: Nano-Hz stochastic
gravitational waves from a GeV-scale first-order phase transition in a
nearly conformal dark sector.

Consequence—Dilution & Inhomogeneity problems: Dilution of pre-
existing baryon asymmetry and dark matter is inevitable to fit data.

Inhomogeneity effects in 7 due to P'T might be a problem for D/H.
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nearly conformal dark sector.
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existing baryon asymmetry and dark matter is inevitable to fit data.
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Turning the problem into a solution: Utilizing the phase transition to
create baryon asymmetry and dark matter, and explain the GeV scale.
Mitigating the inhomogeneity problem via dark sector diffusion.
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Key arguments

Phase transition interpretation of PTA: Nano-Hz stochastic
gravitational waves from a GeV-scale first-order phase transition in a
nearly conformal dark sector.

Consequence—Dilution & Inhomogeneity problems: Dilution of pre-
existing baryon asymmetry and dark matter is inevitable to fit data.

Inhomogeneity effects in 7 due to P'T might be a problem for D/H.

Turning the problem into a solution: Utilizing the phase transition to
create baryon asymmetry and dark matter, and explain the GeV scale.
Mitigating the inhomogeneity problem via dark sector diffusion.
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The model:
Dark sector phase transition



Nearly conformal phase transition in a dark sector

4D conformal dark sector with

Holographic SD
large N (} D IR brane
bubble
_|_
dark pure SU(Ny;) Yang-Mills Black hol
Deconfining phase transition:
strong dynamics Weakly coupled dual Rattazzi + <02

Phase transition dynamics is obtained by the dilaton effective potential

SSU 2026 Busan Sudhakantha Girmohanta 7



Gravitational waves from dilaton effective potential
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Gravitational waves from dilaton effective potential

AN constrains secluded dark sector Decaying dark sector : Portal operator needed
107° ; : 107° 3
1077 : & g — Bubble A 1077} | | r— Bubble
-Q? 1 N—8 | S - S d
10-8 S Sound wave 10-8} | 3 | ound wave
" 1072 | év | . NanoGrav 15yr 1% e (B NanoGrav 1533
g S\ j-O_IO /
B S S s T &L
= C(}D dw 10 12
= L0~
< 0—13 s‘
1014 %
- | .-0_15 [ "' 4?02\
10-16L— . ; . . AN . . 10-16L . ; .
1019 10 10° 1077 10° 10 10* 10°° 10°19 10 10°® 107 10°° 10 10* 10°°

KFrequency f[Hz] f[Hz]
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Entropy dilution problem:
connection to dark matter and baryon asymmetry

Problem No. 1



The dilllti()n pr()blem See eg. Schwaller + (2023)

Large supercooling is required to explain the PTA signal

n/Spy

Massive entropy injection

® O
® O
SRH

o 4 8
n/ S, — ~ 10 10 BAU and DM diluted

)
F existing before '~ O(GeV)

Either need a very large asymmetry before PT, or need to create them after PT.
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Turning the problem into solution

Supercooled phase transition naturally provides out of equilibrium condition.
Shaposnikov et. al. (1999) ; Konstandin, Servant (2011)

SphaleronX BAU
. Asymmetr
4 4 Portal
@ Dark sector c o3 e e e Visible sector
creation
Asymmetric
transition dark matter
. . Experimental
1. Cold Darkogenesis 2. Post-sphaleron Darkogenesis :
signatures

SSU 2026 Busan Sudhakantha Girmohanta 10



Cold darkogenesis: The model

Fujikura, Girmohanta, Nakai, Zhang PLLB 858 139045 (2024)

Dark number asymmetry I:> Baryon asymmetry & Asymmetric DM.
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Cold darkogenesis: The model

Fujikura, Girmohanta, Nakai, Zhang PLLB 858 139045 (2024)

Dark number asymmetry I:> Baryon asymmetry & Asymmetric DM.

Dark QCD Cold darkogenesis Global dark baryon number
dilaton potential \ /
\
Fields SU(NH) SU(Q)D U(l)D
Spin 0 Hp 1 2 0 => Spontaneous breaking of SU(2),
_ [ X1,
LX,’L' — ( | ) 1 2 1 :} U(1) anomalous under SU(2)
Dark lepton X2, P P
= - Neutron portal
X1,i5 X2, 1 1 —1 2\ -
Spin 1/2 = (1/A;) yudd
(0 J Ny 1 1 / Ny for asymmetry sharing
Dark quarks GL j Ny 1 —1/Ny => Baryon dark matter

j — 1""’NDL . = 1""’NDB

SSU 2026 Busan Sudhakantha Girmohanta 11



Generating the asymmetry in the dark sector

1. Higgs winding number (V) production

SSU 2026 Busan Sudhakantha Girmohanta
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Generating the asymmetry in the dark sector

1. Higgs winding number (V) production

-
NS

o U,

4

2. Gauge configuration evolves to

cancel Higgs gradient energy

SSU 2026 Busan



Sharing the asymmetry with the visible sector

The asymmetry is shared with the dark baryon and SM via effective interactions:

Baryonic DM composed of f (Z, odd) M - b
1 ono-jet searches

O, ~ updpdy (.ud — yd,dd — yu) in.
colliders. Current constraint

SSU 2026 Busan Sudhakantha Girmohanta
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Sharing the asymmetry with the visible sector

The asymmetry is shared with the dark baryon and SM via effective interactions:

Baryonic DM composed of f (Z, odd) ,
1 Mono-jet searches

@n ~ uRdeR (.ud — yd, dd — yii) in |
colliders. Current constraint

> 3
AdQCD AdQCD 150 MeV ~ ap: scattering length .
n, Ngocp Tulin Yu (2017) ; Kribs (2016)

SSU 2026 Busan Sudhakantha Girmohanta

13



Experimental predictions

Portal operator: &y needs to decay before BBN.

Ly D — A H|” | Hp |’

2, =1,1=8 N=10,Ny=5, Ny, =10, n=0.15

- =N,
L
L 2 ~§

Qcwh’

Bubble
Sound wave

NanoGrav 15

"
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10-° 10° 10° 107 10° 10° 10
f[Hz]

0.100—
0.010+

0.001+

A, < 0.1 from Higgs invisible decay.
Lower bound from BBN, upper bound from DM direct detection.

PTA signal explanation together with DM and baryon asymmetry
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Why the GeV scale?

Coincidences



Ngocp ~ GeV and the three coincidences

SSU 2026 Busan Sudhakantha Girmohanta
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Ngocp ~ GeV and the three coincidences

1. Dark QCD generates the mass gap in the CFT sector, and Ayocp = 0(GeV) explains PTA.
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Ngocp ~ GeV and the three coincidences

1. Dark QCD generates the mass gap in the CFT sector, and Ayocp = 0(GeV) explains PTA.

Pmin = AdQCD ~ Try = 0(GeV)

2. Ngocp = 0(GeV) can explain the DM-baryon coincidence problem for dark baryon DM.
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Ngocp ~ GeV and the three coincidences

1. Dark QCD generates the mass gap in the CFT sector, and Ayocp = 0(GeV) explains PTA.

Pmin = AdQCD ~ Try = 0(GeV)

2. Ngocp = 0(GeV) can explain the DM-baryon coincidence problem for dark baryon DM.

3. Agocp = O(GeV) canyield desired self-interaction for DM via 7, mediation.

2 3
ODM—DM | sz/g AdQCD AdQCD 0.2 GeV dp: scattering length .
—1 ?
mMpwm Mpwm ap AdQCD Tulin Yu (2017) ; Kribs (2016)

SSU 2026 Busan Sudhakantha Girmohanta 15




Main idea: neutron portal and the GeV scale

Neutron portal with2 TeV < A, < 100 TeV is key to share asymmetry between y and SM.

TeV scale particles are needed

for the UV completion Connection to y-problem in SUSY

Dynamical generation of

Dark QCD has IR fixed point

AdQCD ~ GeV

Integrated outat u ~ TeV

dQCD flows away from fixed point

SSU 2026 Busan Sudhakantha Girmohanta 16



UV completion paths

U d
Tree level : ® can not have a dark QCD charge
Connection to the GeV scale is not straightforward = >----- R
3,1, — 1/3)
d X

i) D’ D’ i)
Loop level : @ ------------ @ “-(p--
While not allowing (3,1, = 1/3) (6,1, —1/3)
tree-level
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UV completion of neutron portal and Fixed point

J (1,1,0) ® O @ 110)®1

Asymmetry sharing

SSU 2026 Busan Sudhakantha Girmohanta 18



UV completion of neutron portal and Fixed point

SSU 2026 Busan

(n\Pa n

w o0 Ty

nn,) = (2,5,1,14) 5 4, + 7, =20 ; SUB) ; Mp =3 TeV

3.5

g=11

3.0

TeV scale dQCD 2.5
charged particles

20"

gs,d

15"

1.0"

0.5

Jdd

Sudhakantha Girmohanta

1 102 10% 10° 108 1019

u [GeV]

Fixed point behavior

Bai, Schwaller (2014), Ritter, Volkas (2024)...
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Portal operators from UV

Symmetric component of DM energy density ends up in dark pions. 7z, must decay before BBN.

47

. —25 3
OV pppp—rpmy, = 75— > 1077 cm?/s

MM
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Portal operators from UV

Symmetric component of DM energy density ends up in dark pions. 7z, must decay before BBN.

47

. —25 3
(OV)pppp—rpmy = —5— > 1077 cm?/s

MM

o, B Y generates effective ALP portal for dark pions Juknevich (2010)

4

OCS 7TD ~ O(Y 7Z'D ~ 45 m\P 11

A D GG A BB ~ A ~ 10" GeV
R T T T (AdQCD>

¥

(3.1.1/3) ® 0y GeV scale meson lifetime ~ O(1s), likely ruled out by BBN.
8D Jung+ (2026)
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Portal operators from UV

Symmetric component of DM energy density ends up in dark pions. 7z, must decay before BBN.

47

. —25 3
(OV)pppp—rpmy = —5— > 1077 cm?/s

MM

o, B Y generates effective ALP portal for dark pions Juknevich (2010)

4

OCS 7TD ~ O(Y 7Z'D ~ 45 m\P 11

A D GG A BB ~ A ~ 10" GeV
P g aea gy AT e (AdQCD>

¥

(3.1.1/3) ® 0y GeV scale meson lifetime ~ O(1s), likely ruled out by BBN.
8D Jung+ (2026)

y
vig Ndocp 1

> o 0
me A mi — mg

Higgs portal is likely needed: —% 2 wir’ysS + uS|H|> = 0, =~
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Phenomenology of neutron portal

Decay channels

m,<m,+m,. Y—ny,y —>pev
: 0 —
m,>m,+m,. Yy —> Nna,y —> pn

These meson induced I', 0 ¢ never dominates I') <

v abundance is set by asymmetry ~ baryon abundance
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Phenomenology of neutron portal

Decay channels

m,<m,+m,. Y—ny,y —>pev

: 0 —
m,>m,+m,. Yy —> Nnw,y —> pn

These meson induced I, ¢ never dominates I')/¢2¢

v abundance is set by asymmetry ~ baryon abundance

Constraint

5Y, < 0.01

Decay time (s)
1 —200

10° — 1013 sn/n < 0.039

CMB ionization

1013 . 1025

SSU 2026 Busan

1013

10%°s

_ ty
> 1
W |
9,
<
107 llBBN VS IlcvB
Yp
0.1s
10
2 4 6 8 10

Sudhakantha Girmohanta
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Experimental signatures of the neutron portal

10*
5000 T
~ SHiP
O -
G, HARM
S NAG2
mono-|jet
AO,N 2 4 1000} ud — yd, -
p(,) €. dE,dO > 3 i
dE,do
B 500 s
Decay probability 2 4 6 8 10 12 14
m,[GeV]
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Inhomogeneity of Baryon Asymmetry and BBN

A possible solution: ongoing work

Problem No. 2



Applegate °85, °87; Jedamzik *94; Scherrer °21

lnhomogeneity in }/] iS a pr()blem Inomata ’18; Barrow ’18 ; Kainulainen 99

Bagherian+ [2505.15904

D/H abundance depends non-linearly on 7 .

Bagherian+ (2025)
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Applegate °85, °87; Jedamzik *94; Scherrer °21
JY] Inomata ’18; Barrow 18 ; Kainulainen *99
Bagherian+ [2505.15904

Inhomogeneity inz is a proble

D/H abundance depends non-linearly on# .

%-level measurement of D/H constrains

fluctuations in 7 persisting till BBN.

Bagherian+ (2025)
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Inhomogeneity inz is a proble

D/H abundance depends non-linearly on 7

107E
| == (aH)" YT = 100 GeV)

%-level measurement of D/H constrains

fluctuations in 7 persisting till BBN.

Baryon homogenization through ~
diffusion is slow.

Claim: inhomogeneities generated below

103 L

~ 'TeV scale are incompatible with BBN.

Bagherian+ (2025)
SSU 2026 Busan Sudhakantha Girmohanta

Applegate °85, °87; Jedamzik *94; Scherrer °21

JY] Inomata ’18; Barrow 18 ; Kainulainen *99

Bagherian+ [2505.15904

Co-moving diffusion length

T [MeV] Fig. From [2505.15904]

22



Solution : Dark inhomogeneity may diffuse fast

Inhomogeneity created in y may diffuse away before asymmetry transfer

(871')1/3
BIH

Inhomogeneity scale (Bubble size at collision): 5)( ~ R; ~ H (TRH)_1

SSU 2026 Busan Sudhakantha Girmohanta
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Solution : Dark inhomogeneity may diffuse fast

Inhomogeneity created in y may diffuse away before asymmetry transfer

Qr 1/3
Inhomogeneity scale (Bubble size at collision): 5% ~ Ry ~ (,5/317 H(TRH)_1
P P terize: X : s
or . N arameterize: ~ =
Diffusion length for y: d){ \ lfflfp lmfp mfp " 73 <0V>)t(%}—>)(X’ 73
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Solution : Dark inhomogeneity may diffuse fast

Inhomogeneity created in y may diffuse away before asymmetry transfer

Qr 1/3
Inhomogeneity scale (Bubble size at collision): 5% ~ Ry ~ (,5/317 H(TRH)_1
P P terize: X : s
or . N arameterize: ~ =
Diffusion length for y: d)( \ lfflfp lmfp mfp " 73 <0V>)t(%}—>)(X’ 73

Condition to erase inhomogeneity:

SSU 2026 Busan Sudhakantha Girmohanta 23



Rough estimates

1 x107
5% 106 PRELIMINARY

1 x105F

If N
can drive towards homogeneity.

< 1, then velocity dispersion  >*1?°

coll ~

1 x10% .
10° 0.001

SSU 2026 Busan Sudhakantha Girmohanta
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~Q
L 4

0.100
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Conclusions

v' Dark first-order phase transition is a promising interpretation of the
observed PTA signal.

v" The strong supercooling needed dilutes away pre-existing baryon asymmetry
and DM, posing a challenge to this scenario.

v We provide new mechanisms where the baryon asymmetry and DM are
produced utilizing the phase transition.

v GeV scale emerges from the UV completion of the neutron portal.

v" Dark sector diffusion mitigates the baryon inhomogeneity problem.

Thank you for your time. Questions?
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Winding, Textures and Chern-Simons number

CTPU-PTC Journal Club Talk Sudhakantha Girmohanta



Winding, Textures and Chern-Simons number
U(x) € SU(2) definesamap from R’ U {oo} = S?into SU2) =~ S°

Classified by an integer degree 7;(SU(2)) = Z

1 T :
n[U] = d>xe"* Tr (U o.U) U o.U)NU1o,U)| € Z
24 72 - l / _
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Winding, Textures and Chern-Simons number

U(x) € SU(2) definesamap from R’ U {oo} = S?into SU2) =~ S°

Classified by an integer degree 7;(SU(2)) = Z

| T :
n[U] = [d3x€lfkTr (U o,U)U'o,U)U'0,U)

24 712

1

D =
|

Jd3x ek Ty [@T(al.@)qﬂ(ajq))qﬁ(ak@)]

2

. [d% /" Tr [Wi (ij + gigijk)]

E

gradient

8

CTPU-PTC Journal Club Talk Sudhakantha Girmohanta

<A

(ic*p*, ¢) € SU2)

After relaxing to the true vacuum:

~ |0, — igWp@| — 0

l
W/i —> —CI)GZCDT — NCS — NW



With C & CP violation, 0N = Nrq — Ny > 0Oand 6N < O winding

configurations evolve differently, generating a net dark lepton number & ;..

The produced Hp reaches local equilibrium with the temperature:

2

4
Ty ~ released energy ~ Avp Sphaleron-like transition rate : T’y ~ <i—DTD>
/A

O cpy acts as an effective chemical potential for y, L,

—1'pny |Garcia-Bellido, Grigoriev, Kusenko,Shaposhnikov (1999)]



Post-sphaleron darkogenesis : The Model

Girmohanta, Nakai, Zhang PRD 112 075028 (2025)

Majorana y produced via parametric excitation during the phase transition.

6(1)GeV | -
V Parametric excitation
P(1) = {P) + ¢(1) . -
\/ Aoy ';I> (170, = m®) y =0
oscillation 0§ sz j GeV mother particle Y

is non-thermally produced.
Wyny => l//4<>< :> Asymmetric y particle



Model

1 I,

Vs = xtm +m, jyy + Emwl/'/f{z/fR + Emﬂrjz + yryny; +h.c.

Fields

Time

Iy

Neutron portal shares the asymmetry with the visible sector.

n acts as Higgs-portal scalar.



Number density of the mother particle

The amplitude of oscillating @ is decreasing due to back-reaction. |

{1+ £(¢) cos(myt)}2 — r o,looé.

L —r S 0.010}
_ = :

mg, (t) = my
6(1)GeV L

o 0.001;-
Particle production takes place when meff ~ (), requiring |

(1—£Q)Qb§7“§(1—|-€0)2b , fOI‘O<b<1/2,

10~

(l—fO)QbETZ(l-i-fO)Qb . fOI‘b<O,

1
3 |
When £(¢) drops down to €, n, is frozen ngo _ pmazx 0100
m¢m2 4/6:\3“()3'“& @0.0105-
w ~ M(T b) 6 2(’0 ’ a - |
n 0.001}
Cobr . 4 ' Analytical |
M(r,b) = 1, (T il estimation ”




Washoutandn — 7

Inverse-decay yn — y;: X

OV oy, Dy {
HTry)  H(Tiy) < Tin < 9 —4
3/ - x 10
. 3 S03Va g PV S

< 1 y
Neutron Portal
1 UR % / \\ X Upr
O, = A—2X2UR,idR,de,k nd dp - i d% }ﬁ
n P°© (0 c
dR dR

mono-jet searches # A, 22 TeV n — n oscillations

decay before BBN = A,, < 200 TeV * T,z > 4.7 X 108S
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Phenomenology

mixing angle

: ’02 m2 2(’0 902 B 2gnv
Higgs portal —In 'l (HTH > ) 3 T (<¢> I <¢>2) tan(26hy) = mj, —m?2
DM direct detection

X1 X1
decay before BBN # ‘ehn‘ 2 10~ 7 X
O,
B — KWn(— utu™) *‘9;”7‘<104 | h




Viable parameter space

my, = 10. GeV, m,, = 1.5 GeV m,=0.24 GeV, m, =2 GeV
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RS model at Finite Temperature and Hawking-Page Phase Transition
Hawking, Page ’83 ; Witten '98 ; Arkani-Hamed+ 2000 ; Creminelli+ 2002 ; Nardini+ 2007; Harling+ 2017 ; Nakai+ 2020

Question: What 1s the finite temperature description of Randall-Sundrum model?

The high temperature phase of RS model @, - i

1s AdS-S space where the IR brane 1s
replaced by the black-hole horizon.

This high temperature phase 1s dual to

a hot thermal CFT.

Black hole horizon UV brane

IR brane bubble

PH PIR PUV

Fags—sa Frs

3 |
—7r2N2T,;l — —*N?*T

AFpgs_s = A

3
8 2 "
AF RS — Veff(¢min) o Veff(o)

Below and above 7, two distinct phases
are thermodynamically favored.

A phase transition takes place as 71s lowered

below T.
(81 AFs| "
© 72 N?2




The Model: Dark first-order deconfining phase transition

D (D) Rattazzi+ 2002 ; Servant+ 2017
o> L | Dual SD description

IR brane replaced by an event
horizon + SU(N,) in the bulk

4D conformal dark sector with large N
+
dark pure sU;,) Yang-Mills

Dark sU(N,;) confinement generates
radion potential

SU(N;) confines — drives spontaneous breaking of

conformal invariance —> generates dilaton (¢)

effective potential Below 7™ : IR brane configuration

has lower free-energy

Confinement-deconfinement phase transition

and generation of gravitational waves IR brane bubbles appear and a

strong first-order phase transition
proceeds.

Decaying dark sector

Secluded dark sector UV IR
. : SU(N;,)
For eg: dark radiation final state | Z portal ~ OvisOaark confinement

SU(Ny) generates V_ (¢)

Contributes to AN, and may
alleviate the Hubble tension.

j [s not subject to AN, constraint. §




Gravitational waves: dilaton effective potential

4 ™
1 bt | k by | k Running of SU(Ny) coupling gy from UV scale £
= n(— n(— _ _
" w,
4 h
—bcpr/by n
SU(Ny) confinement scale depends on ¢. Condensate Au(o) = k @ — A P
provides dilaton potential v (). H I AQEDA
\. W
4 Y 4 by 4 o\ )
Vo + 7P~ 7AdQCD < o ) , for ¢ > ¢, Phase transition effective parameters o, 5 are
Ver(@) = ; , determined from V_.(¢), and the bounce
VO + T(p€04 - %7?4”? ’ for @ < P, action Sg -
\_ J
Secluded dark sector Decaying dark sector
107 107
10_7 : & g — Bubble h 1()_7 (— Bubble A
1078} \QS ------- Sound wave 108 e Sound wave
% 1077 év% . NanoGrav 15}’3 NanoGrav 15yr)
=
=
=
<
10-16 °L

10° 10° 107 106 105 10% 107
KFrequency f[Hz]

1010




Asymmetry Sharing

4 Generated dark asymmetry 9, ;, 1s stored in L, , y :

4 4 312 12 3
D, .~ 10710 Np, Scp Prmin D % VD Pmin
Lin = 2 J\ 104 A%, )\ 1.5%x 102/ \ 10~ Prmin 3 rn

\. .
4 The asymmetry is shared with the dark baryon and SM via effective interactions:

4 Baryonic DM composed of 7 (7, odd) N

1 1 Mono-jet searches (ud — jyd,dd — yii) In

@D ™~ A2 PoXX @n ~ uRdeR colliders. Current constraint A > 2 TeV. For
D equilibrium at GeV A <15 TeV.
\ J

4+ Asymmetries 1n the visible sector %, and dark baryon sector o5 can be related:

2+ 4N, Np. . B
S rvamre vl I SURE B Sl vy v} e B ] o
i Dy Dg | i Dy Dg | B

GeV

4 The DM is self-interacting via the mediation of dark pions =, with cross-section:

2 3
9 A A 150 MeV
PP L em?g | —2 0o . ap : scattering length .
mp mp ap 1 AH 0 . o
b D ’ Tulin Yu (2017) ; Kribs (2016)




A note about the final parsec problem

Stellar Core
Merger

Coalescence,
Memory & Recoil

——— —
. 3;. -E .

Post-coalescence system
may experience
gravitational recoil.

Galaxy Merger

Binary Formation Continuous GWs

4C 37.11

»”» -Jﬁ
NGCSB& .

NGC 17 7
’ ° o.;'r'f,:.

Stellar and gas
interactions may
dominate binary inspiral?

Gravitational radiation provides
efficient inspiral. Circumbinary
disk may track shrinking orbit.

Dynamical
friction drives
massive objects to

Dynamical friction
less efficient as
SMBHs form a

central positions binary. A ﬁ
Orbital
separation 2 L 00.01 b g .pc
The Lifecycle e 6‘4 | ‘
of Binary £| L _J e
. . AV YY vy v
Supermassive z g VVVL J :
Black Holes —— . ~3days  BURST!
duration = -

LISA PTA LISA

Orbital separation of ~ 0.01 pcis needed

to emit gravitational waves efficiently.

Solutions: triaxiality, multiple BHs, ...

1010

10

g
r

(yr)

10

10*

Bot}leneckf t
helhk b k&
a{Hubble time f. (loss cone
/ depleted) *
toas~ 10%r , -~ Y
/ th e
/ (neglecting °-
loss cone
I / o depletion) )
/ Las
10°* 1 100
r(pC)

Begelman, Blandford, Rees 1980




Results from Multi-Model Analysis (MMA)

Ellis et. al. 2308.08546

Scenario Best-fit parameters ABIC Signatures
GW-driven SMBH binaries psa = 0.07 6.0 FAPS, LISA, mid- f, BV GETF
GW + environment-driven peu = 0.84 Baseline | FAPS, LISA, mid-f, BVGETF
SMBH binaries a=2.0 (BIC = 53.9)

fref = 34 nHz
Cosmic (super)strings Gu=2x 10712 -1.2 FAPS, LISA, mid-f, LVK, ET
(CS) p=6.3x10""° (4.6)
Phase transition T, =0.34 GeV -4.9 , , , ,
(PT) B/H = 6.0 (2.9)
Domain walls Tonn = 0.85 GeV -5.7 FAPS, LISA?. mid-f-FEVIK-HTF
(DWs) a, = 0.11 (2.2)
Scalar-induced GWs k. =10"" /Mpc -2.1 , , : ,
(SIGWs) A = 0.06 (5.8)

A =0.21
First-order GWs log,,r=—14 -2.0 , , , ,
(FOGWs) ng = 2.6 (6.0)

Trh = —(0.67 GeV
“Audible” axions me = 3.1 x 1071 eV -4.2 , , , :

fo = 0.87 Mp (3.7)

FAPS = fluctuations, anisotropies, polarization, sources, mid-f = mid-frequency experiment, e.g., AION [308], AEDGE [310],
LVK = LIGO/Virgo/KAGRA [161-163], ET = Einstein Telescope [312] (or Cosmic Explorer [313]), sigrature = not detectable




