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✤ New experiments & data analysis

✤ Possible sources
➡ Supermassive black hole binaries, cosmic phase transition, 

topological defects, scalar-induced (secondary) GW…
➡ New possibilities?

Stochastic GW Background
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✤ Macroscopic dark matters are interesting candidates born from 
field theory
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Axion Quark Nuggets

✤ New interactions within the dark sector can change the merger 
evolution, and hence the SGWB
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MDM from Phase Transitions
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Q: quarks    H: hadrons    QN: quark nuggets

MDM from Phase Transitions

✤ relevant degrees of freedom: mass and density



MDM Being More Attractive
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✤ Orbital motion of the binary with a dark interaction
➡ Centripetal force, “opposite charge”

➡ Massless mediator limit
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a: semi-major axis
e: eccentricity

✤ Dark force changes the energy emission
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✤ Energy and angular momentum emission
➡ Energy emission through GW portal
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➡ The binary is on an elliptical orbit
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Energy Spectrum from the Binary
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✤ For DF domination
➡ Energy emission through the dark force portal

hĖDFi =
GG02
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Energy Spectrum from the Binary

e decreases as a decreases
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✤ The GW energy spectrum of the binary
➡ GW frequency is related to orbital frequency: 

➡ For convenience we assume same mass, opposite charge
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✤ The GW energy spectrum of the binary
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✤ The GW energy spectrum of the binary
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✤ The GW energy spectrum of the binary
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✤ The GW energy spectrum of the binary
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✤ The GW energy spectrum of the binary
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Energy Spectrum from the Binary

➡ Small a0 or e0



SGWB from Dark Binaries
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✤ Convolution over cosmic history
➡ For primordial black holes (gravity only)

➡ With additional interactions, orbital geometry becomes 
extremely important
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orbital eccentricity merger lifetime, related to 
semi-major axis



The Merger Rate
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✤ The merger rate depends on the geometry of the 
binary and its nearest neighbor
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✤ The merger rate
➡ In terms of the orbital parameters [Ioka, Chiba, Tanaka, Nakamura, 

astro-ph/9807018]
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SGWB from Dark Binaries
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✤ With these discussed

➡ Compare the average energy density with the dragging 
from the Hubble flow
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✤ A two- or three-stage power-law spectrum
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Spectral Shape
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✤ The low-frequency region
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✤ The high-frequency region
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✤ Signal-to-noise ratio for multiple detectors where 
cross-correlation can be performed

%2 = ndetTobs

Z
dfGW
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➡ n_det=2 for cross-correlation, and 1 for auto-correlation (if 
applicable)

[Schmitz, 2002.04615]

➡ SKA, BBO, DECIGO (if still alive), LIGO-Virgo network 
(HLV)

➡ Nontrivial noise subtraction is required for auto-correlation
- TDI interfereometry? [Smith and Caldwell, 

1908.00546]
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✤ A larger interaction doesn’t always come with a 
larger signal

➡ Too large an interaction makes the merger happens too 
early and thus doesn't contribute to the corresponding 
frequency
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Lensing
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Constraints from Neff
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✤ Extra radiation d.o.f. is usually parameterized in 
terms of extra neutrino species
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⇡2
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✤ This constraint doesn’t directly apply to SGWB 
from dark binaries
➡ There are contributions from after recombination
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✤ A fair comparison should be against the radiation 
d.o.f. produced before the CMB time

➡ Amplitude of that part is ~10^3.5 smaller compared with 
the full spectrum for the GW
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✤ A fair comparison should be against the radiation 
d.o.f. produced before the CMB time

➡ DF emission is not a huge issue either
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✤ Typical distance

✤ Cosmological constraints from bullet clusters

[Bogorad, Graham, 
Ramani, 2311.07648]



Model Building
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✤ We focus on the “dark quark nugget” model, with 
an additional scalar interaction
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[Bai, Long, SL, 1810.04360]
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✤ The Yukawa sector
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✤ Finite density effect
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➡ Effective potential for the mediator field

➡ A screening effect if the mediator becomes too heavy 
inside the nugget: it doesn’t “see” all the fermions inside

m2
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✤ Requiring the penetration depth to be large enough

✤ In terms of the strength against gravity 𝜶
➡ The effective charge the mediator field couples to is
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✤ We calculated the SGWB from macroscopic DM binaries 
with an additional attractive force

✤ Visibility on ground- / satellite-based interferometers and 
PTAs is checked

✤ Solid constraints come from lensing and CMB. The 
macroscopic DM model itself can also provide (possibly 
strong) constants, though could be model dependent

Thank you!
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✤ A larger interaction doesn’t always come with a 
larger signal
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➡ Technically this is related to the exponential function in the 
merger rate
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➡ Requiring the argument to be not too negative
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✤ The scalar field with the effective potential

✤ The solution
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➡ Additional G’/G to account for the strength of the dark force

[Ioka, Chiba, Tanaka, Nakamura, astro-ph/9807018]
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✤ With these discussed
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✤ Boundaries of the 𝜏-integrations
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➡ Formation of the macroscopic DM
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we take
➡ Decouple before matter-radiation equality
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➡ For a given GW frequency to be produced at the source
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✤ With these discussed
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✤ Boundaries of the e0-integrations
➡ Lower boundary comes from the requirement of y>x

➡ Upper boundary comes indirectly from the phase space of 
the 𝜏-integration
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✤ The mediator couples differently to different quarks
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✤ With an eccentric orbit, the binary should emit GW 
at all harmonics of the orbital frequency
➡ We are effectively assuming all energy are emitted through 

the n=2 channel
➡ To account for the other modes

[Peters and Mathews, Phys. Rev. 131 (1963) 435-439]

[Enoki, Nagashima, astro-ph/0609377]
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✤ The following calculation is straight-forward
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