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Pulsar Timing Arrays and the GW Background
NANOGrav 15 Year Data Release
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Pulsar Timing Arrays and the GW Background
NANOGrav 15 year data release
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Pulsar Timing Arrays and the GW Background
NANOGrav 15 year data release
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Can a new scalar field give us a GW signal
and dark matter from a first-order phase
transition?
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Dark Sector Phase Transition Recipe
U(1) dark sector

Symmetry breakmg

TN

® |ngredients:
a Dark Higgs: ¢
Dark photon: A,
Dark matter (fermion): x
Scalar potential: V($, T) ¢

a Mix to get the Lagrangian

V($, T

Los = |D,®[* - ZAfV +ixcPxe . Bubble collision
. BN o) @=o6W) (u=0mV]) (m=orw) & Sound Waves
+ IXRleR - yq)XLXR + h.c. — V(q)) gur“
= Cook at high T > v, (J
® et cool until symmetry breaks (¢) # 0 W e W ww
f [Hz]

=- Mass generation + stochastic GW signal
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Fitting the PTA Gravitational Wave Signal

Nano Hertz Frequencies
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Fitting the PTA Gravitational Wave Signal

Nano Hertz Frequencies
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Fitting the PTA Gravitational Wave Signal

Nano Hertz Frequencies

1074 T
£ New-Physics Models ~ —— Cosmic strings
. 2 —— Cosmic inflation Domain walls
PTA SIgnaI: 8 107" F ealarinduced GWs  —— Phaso transition 7
Q
s == iad 4
® Frequency at nHz ¢ 10 /<
2
® Large amplitude: h?Qpra ~ 1078 El00F ]
GW frequencies from a FOPT: 2102y | NANOGrr dguel |
_— & 0 107 107
a Set by the characteristic |ength scale: R* Gravitational-wave frequency [Hz]

® f. ~ & ~ O(100 — 1000)H,
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Fitting the PTA Gravitational Wave Signal

Nano Hertz Frequencies

1074 T
£ New-Physics Models ~ —— Cosmic strings
. 2 —— Cosmic inflation Domain walls
PTA SIgnaI: 8107 F ealarinduced GWs  —— Phaso transition 7
Q
s B == i 4
® Frequency at nHz ¢ 10 /<
2
® Large amplitude: h?Qpra ~ 1078 El00F ]
GW frequencies from a FOPT: Zio2p | NANOGrv dguel |
_— & 0 107 107
a Set by the characteristic |ength scale: R* Gravitational-wave frequency [Hz]

® f, ~ A& ~ O(100 — 1000)H.
a fpeak ~ 3( T*)/a( TCMB)ﬁk ~ 10nHz (1/\7/I-ZV)
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Fitting the PTA Gravitational Wave Signal

Nano Hertz Frequencies

1074 T
£ New-Physics Models ~ —— Cosmic strings
. 2 —— Cosmic inflation Domain walls
PTA SIgnaI: 8107 F ealarinduced GWs  —— Phaso transition 7
Q
s B == i 4
® Frequency at nHz ¢ 10 /<
2
® Large amplitude: h?Qpra ~ 1078 El00F ]
GW frequencies from a FOPT: Zio2p | NANOGrv dguel |
_— & 0 107 107
a Set by the characteristic |ength scale: R* Gravitational-wave frequency [Hz]

® f. ~ & ~ O(100 — 1000)H,

a fpeak ~ 3( T*)/a( TCMB)ﬁk ~ 10nHz (1/\7/I-ZV)
a T* ~ Vg
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Fitting the PTA Gravitational Wave Signal

Nano Hertz Frequencies

PTA signal:

a Frequency at nHz

® Large amplitude: h?Qpra ~ 1078
GW frequencies from a FOPT:

a Set by the characteristic |ength scale: R* L Gravitational-wave frequency [Hz] o
® f, ~ A ~ O(100 — 1000)H,
a fpeak ~ 3( T*)/a( TCMB)ﬁk ~ 10nHz (Mll-ﬁ)
a7, ~ Ve
Sub-GeV dark matter
PT around O(MeV) to fit the PTA data requires a
DS mass scale O(MeV)
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Fitting the PTA Gravitational Wave Signal
Amplitude

GW amplitude scaling

AV
Av+prad

=kin. energy fraction

2 Viree
) &

=mean bubble sep.

hZQGW 0.8 (

V()
°

Potential:

V(®) = —p?|0f* + Alo*
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Fitting the PTA Gravitational Wave Signal

Amplitude

GW amplitude scaling

AV
Av+prad

=kin. energy fraction

PP Qaw ( )2 (R.H)?

=mean bubble sep.

Conformal Potential:

V() = =0 + o[
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Fitting the PTA Gravitational Wave Signal
Amplitude

GW amplitude scaling

2

AV > o Ve

h2QGW 0.8 () R*H — Vi-100p(T 2 0)
AV + praq L,_)./

=mean bubble sep.

=kin. energy fraction

Conformal Potential:
P> 6

_ 4 a 4 ¢ o /——’/,/’/’
Ver(®) = O + 3 g9 Jlog & — ¢ _—-—
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Fitting the PTA Gravitational Wave Signal
Amplitude

GW amplitude scaling

5 21078
2 L
AV ) 0.0002 ;
thGW x (A\/ + Prad (R* H) 0.0001 0
ra ——
=mean bubble sep. 0.0000 == -1
=kin. energy fraction ~>
;i ~0.0001 ~
Conformal Potential: Ein o 0.00 \0\9% 004 006 008
2 . \.
8a 4 10} 6 0.0003 .
V. b) =\ 4 E m_(d log — — — T = 4.0MeV \
CH( ) | | + 6472 a( ) € v2 25 ~0.0004] —— T = 34MeV \
a — T =28MeV \\\\
—0.0005{ —— T=0 —
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Fitting the PTA Gravitational Wave Signal
Amplitude

GW amplitude scaling

x107%
) AV 2 ) 0.0002 ? -
h"Qaw o (AV +p d) (R* H) 0.0001 0
ra
N—— ——"=mean bubble sep. -1
=kin. energy fraction 00000 \72
= —0.0001 ~
Conformal Potential: - 0.00
) 3
10) 6 ~0.0003
V. D) = \|o 4 E 2 m4 (0] log — — — —— T=4.0MeV
eﬁ( ) | | T 6472 a( ) g v2 25 20.0004{ — 7= 34Mev
a — T =28MeV
00005 — T=0
. 00 02 04 06 08 10 12
high—T 5/
® Temperature corr. Vo~ . m2(¢) T2 ol

Classically conformal symmetry

Classical conformal symmetry gives strong supercooling and large GW signal.
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Relic Abundance
Freeze-out for Sub-GeV DM

BBN & CMB

How to get rid of DS the energy density after a PT around O(10) MeV and
produce h>Qpn ~ 0.127

What portal to the SM can we have?

a Couplings allowed by symmetry

N g gur

int = Ano|H||®[?
Lint no|HI[ ] +c0520w m
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Relic Abundance
Freeze-out for Sub-GeV DM

BBN & CMB

How to get rid of DS the energy density after a PT around O(10) MeV and

produce h>Qpn ~ 0.127

What portal to the SM can we have?

a Couplings allowed by symmetry

N g gur

int = Ano|H||®[?
Lint no|HI[ ] +cos20W m

® EW PT would generate mass term vZ|®|?

® Higgs portal would spoil conformal symmetry
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Relic Abundance
Freeze-out for Sub-GeV DM

BBN & CMB

How to get rid of DS the energy density after a PT around O(10) MeV and

produce h>Qpn ~ 0.127

What portal to the SM can we have?

a Couplings allowed by symmetry

K
nt = A — " _F B
Lint + cos 260,, "

® EW PT would generate mass term vZ|®|?
® Higgs portal would spoil conformal symmetry

a Only consider dark photon portal coupling
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Relic Abundance
Freeze-out for Sub-GeV DM

BBN & CMB

How to get rid of DS the energy density after a PT around O(10) MeV and
produce h>Qpn ~ 0.127

Effective coupling

What portal to the SM can we have?

a Couplings allowed by symmetry X et

!
Ling = ———F, B™ At
" cos 20, MY B
X e

® EW PT would generate mass term vZ|®|?
» Collider constraints x < 1073
@ First freeze-out of DS

a Then freeze-out of DM within DS

® Higgs portal would spoil conformal symmetry

a Only consider dark photon portal coupling
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Thermal History

Thermal history of a benchmark point

Py = g =0
N0
X A

a After phase transition
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Standard Model Dark sector

Gravitational waves

Dark matter

Early Elements

Decoupled Neutrinos

56 MeV 5 MeV 500 keV 60-30 keV
[ 1 1 1

! i l } >
Phase Chemical Electron Decay & Time

transition decoupling annihilation DM freeze-out
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Thermal History

Thermal history of a benchmark point

Hy = phg # 0 2Y, + Y4 = const
N0
X A

a DS decoupling

Institute for Theoretical Particle Physics

Standard Model Dark sector
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Thermal History

Thermal history of a benchmark point

o F o Y, = const

X

a DM freeze-out
® Decay of ¢ during/after BBN

Institute for Theoretical Particle Physics

Standard Model Dark sector

Gravitational waves

Dark matter

Early Elements

Decoupled Neutrinos

56 MeV 5 MeV 500 keV 60-30 keV
1 1 1 1
] L] L] 1 >
Phase Chemical Electron Decay & Time

transition decoupling annihilation DM freeze-out
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Thermal History

Thermal history of a benchmark point

Jv2% 7é He YX = const Gravitational waves

Dark matter

X

Early Elements

Decoupled Neutrinos

Cosmological constraints SeMev  SMeV.  500keV.  60-30keV >

Standard Model Dark sector

L] L] L] 1
1 1 Phase Chemical Electron Decay & <
Dark nggs ¢ decays 'around BBN Can we avoid the transition decoupling annihilation DM freeze-out Time
cosmological and collider constraints?
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Cosmological, Astrophysical and Collider Constraints
Is this model consistent with data?

Cosmological constraints:

@ NANOGrav 15 year dataset: likelihood for SMBHB + FOPT GW signal
PTARCADE (CEFFYL), TRANSITIONLISTENER (COSMOTRANSITIONS)

a Relic density calculation:
DARKSUSY

® BBN: Light element abundances *He and D
ALTERBBN

a CMB constraints:

a |f semi-relativistic around neutrino decoupling increase Neg
a DM annihilation into e"e™ raise T, and decrease N.g

Likelihood from Plank collaboration: N.g = 2.99 £+ 0.17 (BAO+lensing+TT,TE,EE+IlowE)
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Cosmological, Astrophysical and Collider Constraints
Is this model consistent with data?

Astrophysical constraints:

® Bullet cluster constraints: oo/mpy < 1.25cm?g~!

® X-Ray: xx — A’ p-wave suppressed = no constraints
Accelerator constraints:

@ Beam dump experiments: MiniBooNE, LSND
Missing energy searches through 7%, — v+ A", A" — x¥X

® NA64: dark photon production through e=Z — e~ ZA" and A’ — x¥
® BaBar: Single photon searches: ete™ — A’

Institute for Theoretical Particle Physics Jonas Matuszak: PTAs and Conformal Sub-GeV DM 24.09.2025

9/13


https://arxiv.org/abs/1705.07908

Cosmological, Astrophysical and Collider Constraints
Is this model consistent with data?

Astrophysical constraints:

® Bullet cluster constraints: oo/mpy < 1.25cm?g~!

® X-Ray: xx — A’ p-wave suppressed = no constraints
Accelerator constraints:

@ Beam dump experiments: MiniBooNE, LSND
Missing energy searches through 7%, — v+ A", A" — x¥X

® NA64: dark photon production through e=Z — e~ ZA" and A’ — x¥
® BaBar: Single photon searches: ete™ — A’

Global fit with GAMBIT

® Parameters: mpn, Mar, VeV, K (")/SMBHBa ASMBHB) G %1\4[1'3{ $,C
= Combined likelihood: y

arxiv:1705.07908
Liot = LpTa X Lop,w X LBBN,cMB X LBc X Lol
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Calculation of the GW Spectrum

TransitionListener v2.0

Work on a new code based on
COSMOTRANSITION

® Using best practices for computation of GW
signal
® Tracking of false vacuum fraction P(T)
a Computation of Tperc, Treh
® Computation of vyan (LTE)
a Calculation of R.H from bubble density
m |atest GW templates

® |nterface to PTARCADE for the PTA likelihoods
® Can handle strong supercooling

Phase transition temperature
a Typically:

53(Tnuc)
23 Tnue) 140
Tnuc

a Here track true vacuum fraction:

P(t) = exp (—4; /tctdt’r(t’)vf‘,(t - t’)3>
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Calculation of the GW Spectrum

TransitionListener v2.0

Work on a new code based on
COSMOTRANSITION

® Using best practices for computation of GW
signal Bubble wall velocity

® Tracking of false vacuum fraction P(T) a Typically:

Computation of Tperc, Tren

Computation of viwan (LTE) Vyy = const.

Calculation of R,H from bubble density

Latest GW templates ® Here compute v, in the LTE approximation

® |nterface to PTARCADE for the PTA likelihoods
® Can handle strong supercooling
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Calculation of the GW Spectrum

TransitionListener v2.0

Work on a new code based on

COSMOTRANSITION Transition speed/characteristic length scale
® Using best practices for computation of GW ® Typically:
signal

® Tracking of false vacuum fraction P(T) ﬁ ~ Ti (53)
a Computation of Tperc, Treh H drT \ T
® Computation of vyan (LTE)
a Calculation of R.H from bubble density ® Here compute
m |atest GW templates

® Interface to PTARCADE for the PTA likelihoods B _ (8W)1/3M R, = n, /3

H P(T.)Y/3R.,H’ ~*  “bubx

® Can handle strong supercooling
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Calculation of the GW Spectrum

TransitionListener v2.0

Work on a new code based on o
COSMOTRANSITION arxiv:1109.4189

a Using best practices for computation of GW
signal

Tracking of false vacuum fraction P(T)

® Computation of Tperc, Treh

a Computation of vyan (LTE)

a Calculation of R.H from bubble density

® Latest GW templates [arxiv:2403.03723] 0.6

m |nterface to PTARCADE for the PTA likelihoods . ®  Point A 10!

a Can handle strong supercooling Tl 10!
Yukawa coupling y

10°

o
©

[
o
%

10°

o
o

10°

Gauge coupling g
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Calculation of the GW Spectrum

TransitionListener v2.0

Work on a new code based on
COSMOTRANSITION arxiv:1109.4189

® Using best practices for computation of GW ‘
signal

® Tracking of false vacuum fraction P(T)
Computation of Tperc, Treh @

Computation of vywan (LTE)

-

a [ e

u Calculation of R.H from bubble density TrCI n S I i-l 0 n
-

Latest GW templates [arxiv:2403.03723] L-
® |nterface to PTARCADE for the PTA likelihoods ISte n e r

® Can handle strong supercooling

Upcoming code release [Ongoing work with Carlo Tasillo]

Implemented in a new version of TRANSITIONLISTENER (v2), which is
based on COSMOTRANSITION. Soon* to be released.

* Fall 2025
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Global Scans

Gravitational Wave Signal
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Global Scans

Gravitational Wave Signal

1.
0 _I'E T 1 ‘l L i\ T 1 1 r\\ L r\\\ L i 1.0
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Ly \\ %‘\ ‘é\\\ %\ - . % decrease g
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Global Scans

Relic Density and Collider Constraints
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Conclusion

® Dark sector phase transition can fit NANOGrav I SMBH
data 7] FOPT
—— Sum
® At the same time produce Sub-GeV dark matter,
evading current constraints .
® Model testable with future experiments (LDMX) &
® Upcoming code release ~
&
712<
([
12l 9=0.601
N By =023
Transition L v=692MeV
Listener —95 90 -85
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a =9.48 x 10°
B/H =18
Trep, = 55.9 MeV
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logy f [HZ]
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Backup Slides
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Coupled Dark Sector

Standard freeze-out

® Assume chemical equilibrium between SM and
DS during freeze-out

i Gravitational waves
® Generated through e.g. heavy vector like leptons,

charged under SM and DS gauge groups DEridmatter
m Generates effective interaction

Early Elements

1 —
Lint D ﬁ(bT(b/LeRH + h.c.

Standard Model Dark sector

u After electroweak symmetry breaking

Decoupled Neutrinos

VhV, 17 MeV 1 MeV .

!: hVep  — ' ; !
e 2N Ph.ase DM ’ t Ons;t of Ti

transition reeze-ou me

a Standard freeze out of DM x from SM-DS bath
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GW spectrum

Template from
20PT 2 2 =
h*Qg,, (f) = Rh* A K2 Vs (RH.) S(f)

-1

3 2 417t
Spectral shape: S(f) =N (%) {1 + (7';) } [1 + (7’;) ] , with the normalisation
)

ey 1 26/ \ S(f
S(f) =~ (\/i‘i’ 1+éz/;12) 5(h)
Frequencies breaks f; ~ 0.2 (Z;,") , h~05A." (QLO

*

Sound shell thickness A,, = |v,, — ¢s| / max(vy, ¢s). Frequency redshift factor is given by
_ T )\ 1/2 (10013
Hao = 16.5nHz (55 ) (56 (ﬂ) :

)
Redshift of amplitude: Rh? = ()4 (%)2 —Q hz( eh)““&y
3

&y

Y =min|[1, 7sH] =~ min { 37
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https://arxiv.org/pdf/2403.03723v1

SMBHB Signal

—13

® Spectral shape: -l i ]
A2 1 f —7YSMBHB _5F / 1

® _ 7'\SMBHB 3 < : ]
SMBHB 127 Tope \yr—1 y 3 : :

- —16 ]

a Amplitude i ]
F 3 ]

2 -17F : ]

Q h2 _ 87T4f5 MpC ¢SMBHB N holodeck E ]

o 100)  Af I et N AT

2 3 5 6
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Dimensional Transmutation

Renormalised 1-loop effective potential:

2 e a4y [ln m3(¢) 50] _

Victoop = S0 _ 50
1-toop = 2¢" F — 64n2 "2 m2(A) 12

Define X at the vev of the theory A = (¢) = v,

oV . g Na8a 4 3 _
a¢’<¢>_ </\ 3 < 647T2)\a> ()" =0

For A < g,y:

32 Na8a \4
AR — A
3 4 6472 °

= my = my(g,y) = /3\g,y)vs
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Dark Matter Relic Density

Institute for Theoretical Particle Physics

L Secluded dark sector
g=0.601, K=2.7x10-4, v =692 MeV

-0.05 0.00 0.05
6=1-mglm,
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Dark Higgs Decays

: IXHHHI T \HHHI T \HHHI T \HHHI ] 10 105 ; T TTTT T \HHHI T \HHHI T \HHHI E 10
0.0008— — . b . .
r 1Bos 2 100 El T
- - E F E g
0.0006— — = u g £
i 16 = 10° E| [CH=
¢ r ] 3 ° E 3 8
0.0004— - 2 << c ] 2
C ] z 5
B ] 0.4 % 102 E_ _E 0.4 g
r i Y B E Y
0.0002~ = = i ] [
L 12 ¢ 10 & 02 ¢

O [oudegDurk Soptor [ Socludefl Dark Segtor ) o
10t 10? 103 104 1 10 102 103 10*
7 [8] 7y [s]
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