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Big Universe, Big Questions

Nicole R. Fuller, NSF
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Beyond the Standard Model with Cosmology

What is causing the 
expansion of the 

universe to 
accelerate?

What can the 
enormously energetic 

phenomena reveal 
about particle physics?Why quantum?

Why gravity?

Inflation? How does structure form? What is 
the dark matter?

Nicole R. Fuller, NSF
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Cosmology vs Laboratory
Instead of understanding We need to understand 

(model) this stuff:

https://lz.lbl.gov/detector/
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Image credit: ESA, Planck collaboration

Cosmology vs Laboratory 



Shandera, TRISEP 2024

Image credit: ESA, Planck collaboration

Cosmological Principle 
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Image credit: ESA, Planck collaboration

Cosmological Principle 
Our place is not special

Image credit: NASA Ames/W. Stenzel and 
JPL-Caltech/R. Hurt 

(Except, thermodynamically, maybe it is)

Cosmology vs Laboratory 
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this space…
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One example of how it works to wander through 
this space…

Nicole R. Fuller, NSF

WMAP data ~2004: very detailed view of CMB 
Can we test BSM models of inflation? String theory?

Non-Gaussianity as a probe of particle interactions 
in the primordial universe 

Lots of theory work 
What about large-scale structure? 

(Stay tuned for SPHERE-X!)

Primordial Gravitational waves? 
Need better experiments to measure CMB polarization 

Inflation with interactions? Finite universe? Need to 
understand open quantum systems

Big opportunity: LIGO data!

Collaborators are absolutely key. Be mindful of building good 
community -> better science
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A (mostly) electromagnetic picture

Recently: + other messengers: cosmic rays, neutrinos, gravitational waves



Shandera, TRISEP 2024

The dark matter puzzle

• Of the stuff that acts like matter, ~85% 
emits no light

<latexit sha1_base64="B1AYA2bQmm8UroQ/EqjxlWBBOCA=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjNS1GXRhS4r9AWdYcikaRuaSYY8hDJ048ZfceNCEbf+gzv/xrQdRFsPBA7n3MvNOXHKqNKe9+UsLa+srq0XNoqbW9s7u+7eflMJIzFpYMGEbMdIEUY5aWiqGWmnkqAkZqQVD68nfuueSEUFr+tRSsIE9TntUYy0lSL36CbKgsQE3IyDVIpUC1j/USK35JW9KeAi8XNSAjlqkfsZdAU2CeEaM6RUx/dSHWZIaooZGRcDo0iK8BD1ScdSjhKiwmyaYgxPrNKFPSHt4xpO1d8bGUqUGiWxnUyQHqh5byL+53WM7l2GGeWp0YTj2aGeYdBmnVQCu1QSrNnIEoQltX+FeIAkwtoWV7Ql+PORF0nzrOyflyt3lVL1Kq+jAA7BMTgFPrgAVXALaqABMHgAT+AFvDqPzrPz5rzPRpecfOcA/IHz8Q1ut5kv</latexit>

Gµ⌫ / Tµ⌫ (Density, pressure)
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The dark matter puzzle

• Of the stuff that acts like matter, ~85% 
emits no light
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Gµ⌫ / Tµ⌫

Visible light + hot gas (pink) + all matter (blue)
Image credit: X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & NASA/CXC/
Durham Univ/R.Massey; Optical & Lensing Map: NASA, ESA, D. Harvey (Ecole Polytechnique Federale de 
Lausanne, Switzerland) and R. Massey (Durham University, UK)

(Density, pressure)
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How do we know?

Image credit: U. Chicago Digital Library Project (eCUIP Multiwavelength Astronomy)

(One way)
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How do we know?
Step 1: use the full electromagnetic spectrum 

Image credit: U. Chicago Digital Library Project (eCUIP Multiwavelength Astronomy)

(One way)
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How do we know?
Step 2: see how gravity bends light 

(One way)

Image credit: NASA, ESA, and L. Calçada (lens is Abell 383)
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The dark matter puzzle

Visible light + hot gas (pink) + all matter (blue)

Image credit: X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & 
NASA/CXC/Durham Univ/R.Massey; Optical & Lensing Map: NASA, ESA, D. Harvey (Ecole 
Polytechnique Federale de Lausanne, Switzerland) and R. Massey (Durham University, UK)
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And, on a bigger scale

Each green circle is a galaxy cluster 
Color shading is total mass

Dark Energy Survey Year 3 results: Curved-sky weak lensing mass map reconstruction, 
MNRAS 505, 4626-4645 (2021)
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The dark matter puzzle

• Of the stuff that acts like matter, ~85% 
emits no light
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• But what kind of matter can it be?
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The dark matter puzzle

• Of the stuff that acts like matter, ~85% 
emits no light
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Gµ⌫ / Tµ⌫

Image credit: X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & NASA/CXC/Durham Univ/R.Massey; Optical & 
Lensing Map: NASA, ESA, D. Harvey (Ecole Polytechnique Federale de Lausanne, Switzerland) and R. Massey (Durham University, UK)

• Firmly established for ~45 years (Rubin, 
Thonnard, Ford, 1980; R&F 1970)

(Density, pressure) X
Not this!• But what kind of matter can it be?
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Dark 
Matter

Visible 
Matter

Visible 
Matter

Dark 
Matter

What is the dark matter?
Assume it interacts with the standard model particles

“Indirect” Detection 
(look up at the sky for unexpected light)

Production (colliders)

“Direct” 
Detection (watch 

big vats of 
Xenon)
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The Dark Matter Puzzle

Visible light + hot gas (pink) + all matter (blue)

Image credit: X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & NASA/CXC/Durham Univ/R.Massey; Optical & 
Lensing Map: NASA, ESA, D. Harvey (Ecole Polytechnique Federale de Lausanne, Switzerland) and R. Massey (Durham University, UK)
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Image credit: X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & NASA/CXC/Durham Univ/R.Massey; Optical & 
Lensing Map: NASA, ESA, D. Harvey (Ecole Polytechnique Federale de Lausanne, Switzerland) and R. Massey (Durham University, UK)

We know very well how it gravitates
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The Dark Matter Puzzle

Visible light + hot gas (pink) + all matter (blue)

Image credit: X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & NASA/CXC/Durham Univ/R.Massey; Optical & 
Lensing Map: NASA, ESA, D. Harvey (Ecole Polytechnique Federale de Lausanne, Switzerland) and R. Massey (Durham University, UK)

We know very well how it gravitates

• No evidence for dark matter-visible matter 
interaction beyond gravity (yet?)
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New perspectives on dark matter

Most important interactions 
are between dark matter 

particles

“Complex” or “hidden sector” dark matter

Most important 
interaction is with the 

Standard Model

Dark 
Matter

Visible 
Matter

Visible 
Matter

Dark 
Matter

(Almost) 
Only gravity

- Or - 
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Complex dark matter????
An old idea:

1965: Nishijima, Saffouri “CP Invariance and the Shadow Universe”

1966: Kobzarev, Okun, Ya, Pomeranchuk “On the possibility of experimental 
observation of mirror particles” (2014 review, Blinnikov, for Pomeranchuk’s 100th 
birthday)

1985: Gross, Harvey, Martinec, Rohm “Heterotic String” (“shadow matter”)

1986: Goldberg, Hall “A New Candidate for Dark Matter” (electromagnetic 
interactions with visible matter)

1996: Mohapatra, Teplitz (“Structures in the Mirror Universe”)

……
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Complex dark matter????
An old idea:

1965: Nishijima, Saffouri “CP Invariance and the Shadow Universe”

1966: Kobzarev, Okun, Ya, Pomeranchuk “On the possibility of experimental 
observation of mirror particles” (2014 review, Blinnikov, for Pomeranchuk’s 100th 
birthday)

1985: Gross, Harvey, Martinec, Rohm “Heterotic String” (“shadow matter”)

1986: Goldberg, Hall “A New Candidate for Dark Matter” (electromagnetic 
interactions with visible matter)

1996: Mohapatra, Teplitz (“Structures in the Mirror Universe”)

……

Went under the radar while these ideas were ascendent:

(Axions)(WIMPs)
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Complex dark matter?
???

An old idea, with new theory support:
Chacko, Goh, Harnik, “The Twin Higgs: Natural electroweak breaking from mirror 
symmetry” (hep-ph/0506256, PRL) 


(~740 citations, mostly after discovery of the Higgs boson)

……

N. Craig; adapted from Symmetry Magazine 
 See discussion in 2205.05708

https://www.symmetrymagazine.org/standard-model/
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• Self-interacting
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• Chemistry (bound states)
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Keywords for complex dark matter

• Self-interacting


• Dissipative


• Cooling


• Chemistry (bound states)

Most important interactions 
are between dark matter 

particles

(Almost) 
Only gravity
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Complex dark matter?
???

Consistency with what we know? Consider a famous constraint:

Data will decide

Credit: NASA/CXC/CfA/M. Markevitch; Optical and lensing map: NASA/STScI, 
Magellan/U. of Arizona/D. Clowe; Lensing map: ESO WFI

Dark matter 
experiences less drag 
than visible matter
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Complex dark matter?
??? Data will decide

Less drag? What interaction constraint? 
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Complex dark matter?
??? Data will decide

Less drag? What interaction constraint? 

Assume elastic collisions: 

(Cross-section for momentum transfer)
(Mass of the dark matter particle)

• Lots of different ways (data) to try to constrain this

• Hard to get the bound right: simulations suggest factor of 10 

changes over analytic estimates! 
e.g. Kim et al 1608.08630; Adhikari et al 2207.10638 and 2401.05788

Markevitch et al, astro-ph/0309303
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Complex dark matter?
???

An old idea: Goldberg, Hall 1986



Shandera, TRISEP 2024

Typical elastic cross-sections depend on velocity

Examples plotted in 1512.05344 (Cyr-Racine et al)

Scenarios with dark atomsScenarios with Yukawa interactions
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Evidence for non-zero 
interactions?

Some claims of weak 
evidence

Maybe

Maybe

Summary of constraints ~2023
<latexit sha1_base64="i7/ymFU2TjjRbgqBVSc4YeA48sg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6rKgi26ECn1BE8JkOmmHzkzCzEQoIQs3/oobF4q49SPc+TdO2yy09cCFwzn3cu89YcKo0o7zbZXW1jc2t8rblZ3dvf0D+/Coq+JUYtLBMYtlP0SKMCpIR1PNSD+RBPGQkV44uZn5vQciFY1FW08T4nM0EjSiGGkjBXbViyTCmafoiKOgnWc8yDzJ4e1dngd2zak7c8BV4hakBgq0AvvLG8Y45URozJBSA9dJtJ8hqSlmJK94qSIJwhM0IgNDBeJE+dn8iRyeGmUIo1iaEhrO1d8TGeJKTXloOjnSY7XszcT/vEGqo2s/oyJJNRF4sShKGdQxnCUCh1QSrNnUEIQlNbdCPEYmFW1yq5gQ3OWXV0n3vO5e1i/uL2qNZhFHGVTBCTgDLrgCDdAELdABGDyCZ/AK3qwn68V6tz4WrSWrmDkGf2B9/gA9ipiA</latexit> �T

mDM

<latexit sha1_base64="gWEprtuSdqVUy9KkUjS2aIMSJHE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1Fip2R6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHt22M6Q==</latexit>

V (km/s) (cm2/g)

1000-1500
<latexit sha1_base64="scvN737K9e1QfNRwIJ6lpxzpO40=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0qAcPBS89VjC20Iay2W7apbubsLsRSuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz86KUM20879spra1vbG6Vtys7u3v7B9XDo0edZIrQgCQ8UZ0Ia8qZpIFhhtNOqigWEaftaHw389tPVGmWyAczSWko8FCymBFsrBTceq5/2a/WPNebA60SvyA1KNDqV796g4RkgkpDONa663upCXOsDCOcTiu9TNMUkzEe0q6lEguqw3x+7BSdWWWA4kTZkgbN1d8TORZaT0RkOwU2I73szcT/vG5m4pswZzLNDJVksSjOODIJmn2OBkxRYvjEEkwUs7ciMsIKE2PzqdgQ/OWXV8njhetfufX7eq3RLOIowwmcwjn4cA0NaEILAiDA4Ble4c2Rzovz7nwsWktOMXMMf+B8/gBL1I25</latexit>

< 0.13
<latexit sha1_base64="GXNyZoOZom+1WJIkW0CFs0rVbMo=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4kGFG43LwEPCSYwSzQDKEnk5P0qane+juEcKQf/DiQRGv/o83/8bOctDEBwWP96qoqhcmnGnjed9ObmV1bX0jv1nY2t7Z3SvuHzS0TBWhdSK5VK0Qa8qZoHXDDKetRFEch5w2w+HdxG8+UaWZFA9mlNAgxn3BIkawsVLj1nMvLs+6xZLnelOgZeLPSQnmqHWLX52eJGlMhSEca932vcQEGVaGEU7HhU6qaYLJEPdp21KBY6qDbHrtGJ1YpYciqWwJg6bq74kMx1qP4tB2xtgM9KI3Ef/z2qmJboKMiSQ1VJDZoijlyEg0eR31mKLE8JElmChmb0VkgBUmxgZUsCH4iy8vk8a561+55ftyqVKdx5GHIziGU/DhGipQhRrUgcAjPMMrvDnSeXHenY9Za86ZzxzCHzifP7qEjfM=</latexit>

< 0.35,

200Galactic scales

Cluster scales

Adhikari et al, 2207.10638 (see also references cited)

5-20Dwarf/satellite galaxy scales
<latexit sha1_base64="eyryv7Nr7TDFMY3q1205fwof3jY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvPRY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWerj13H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfWuqpf3l5VaPY+jCCdwCufgwTXUoA4NaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx9wl41G</latexit>

> 10

<latexit sha1_base64="34mKESAPHy/VNfdIOijVLTmBQvw=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8JJjFPOAZAmzk95kyOzsMjMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5aMYJ+hEdSB5yRo2VHm4ve8WSW3bnIKvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8wvnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhDf+hMskNSjZYlGYCmJiMnub9LlCZsTYEsoUt7cSNqSKMmPDKdgQvOWXV0nzouxdlSv3lVK1lsWRhxM4hXPw4BqqUIM6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx8Fio0O</latexit>

> 3



An older summary 
1508.03339
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But claiming evidence is tricky….

Use strong lensing to obtain dark matter density profile
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But claiming evidence is tricky….

Use strong lensing to obtain dark matter density profile Compare to simulations of different models
Figure from Khaplinghat, Tulin, Yu, 1508.03339



Shandera, TRISEP 2024

But claiming evidence is tricky….

Use strong lensing to obtain dark matter density profile Compare to simulations of different models
Figure from Khaplinghat, Tulin, Yu, 1508.03339

We rely on large simulations to understand structure formation
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Large-Scale structure 
Linear physics, clean probes

<latexit sha1_base64="NdLLwVkoOfx5ePDMz2i7BB2gXLc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf68Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tarXqNbu65XmTR5HEc7gHC7Bgytowh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AExCNnA==</latexit>

104 Mpc
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1 Mpc
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1 kpc km
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1
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Large-Scale structure 
Linear physics, clean probes

<latexit sha1_base64="NdLLwVkoOfx5ePDMz2i7BB2gXLc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf68Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tarXqNbu65XmTR5HEc7gHC7Bgytowh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AExCNnA==</latexit>

104 Mpc
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1 Mpc
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1 kpc km
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1

Mid-Scale structure 
Many complexities from 

visible matter. 
Hints that more complex 

dark matter is better.

(Bullock, Boylan-Kolchin, 1707.04256)

Simulations vs. 
        Observations
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Large-Scale structure 
Linear physics, clean probes

<latexit sha1_base64="NdLLwVkoOfx5ePDMz2i7BB2gXLc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf68Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tarXqNbu65XmTR5HEc7gHC7Bgytowh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AExCNnA==</latexit>

104 Mpc
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1 Mpc
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1 kpc km
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1

Novel Compact objects 
Existence is a clean 

probe

Mid-Scale structure 
Many complexities from 

visible matter. 
Hints that more complex 

dark matter is better.

(Bullock, Boylan-Kolchin, 1707.04256)

Simulations vs. 
        Observations
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The context today

LIGO-Virgo-KAGRA / Aaron Geller / Northwestern

+O4!
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Ultra-compact objects in the standard model

NASA and Night Sky Network
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Why?

hydrogen

(fast) electron

hydrogen 
excited state

slower electron

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�

hydrogen

Chemistry 
Processes that cool 

the gas

Standard Model
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If dark matter has a rich spectrum of 
particles…

Dark particles 
Includes light particles
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Then it likely has a rich spectrum of small scale 
structures… 

Dark particles 
Includes light particles
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Then it likely has a rich spectrum of small scale 
structures… 

Details of this structure constrain the particle spectrum …
(See M. Buckley, A. Peter 1712.06615 for a nice review)

Dark particles 
Includes light particles
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Then it likely has a rich spectrum of small scale 
structures… 

…even if there is no non-gravitational interaction between dark matter and the 
standard model

Details of this structure constrain the particle spectrum …
(See M. Buckley, A. Peter 1712.06615 for a nice review)

Dark particles 
Includes light particles
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(Simple) complex dark matter
Dark Pfermion

X Too complicated!


Let this be a 
“fundamental” 
particle instead Dark Electron

Dark Photon
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A simple dark sector with distinctive black holes

Dark “electron”

Dark “proton”

Dark “photon”
Dark fine structure constant

Interesting BH 
masses

No nuclear physics;  No coupling to the standard model
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A simple dark sector with distinctive black holes

Dark “electron”

Dark “proton”

Dark “photon”
Dark fine structure constant

Interesting BH 
masses

Dark “hydrogen” 
Cooling channels 

Allows BHs to 
form 

dynamically 
from dark matter

No nuclear physics;  No coupling to the standard model
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1 . M

mproton
. 1000

<latexit sha1_base64="NV2eQDPgJ5BrzW7iMB5lCLe6gzw="></latexit>

0.1 . ↵

↵EM
. 2

massless 

<latexit sha1_base64="B8B9VvmtjgLzKjuiP31xtUlOng0="></latexit>

MDark
Chand. ⇡ 1.4M�

⇣mprot.

M

⌘2



Shandera, TRISEP 2024

10°2 10°1 100 101

Chirp mass of the binary black holes M/MØ

100

101

102

103

104

105

D
h
or

iz
on

[M
p
c]

aLIGO (current)

aLIGO (designed sensitivity)

Einstein telescope

Clean new physics discovery space below ~1 
solar mass
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• Can dark matter cool sufficiently to collapse into black holes?
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Shandera, TRISEP 2024

How many dark black holes can form?

• Can dark matter cool sufficiently to collapse into black holes?

• What are the masses of those black holes?

• How many of those black holes are in binaries?

• What is the merger rate today, detectable by LIGO?

We need to estimate: 



Parameterizing the 
coalescence rate

/
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⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

(merger rate of those binaries today)



Parameterizing the 
coalescence rate

/
<latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit> (number of black holes) (fraction in binaries)⇥

<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

(merger rate of those binaries today)
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<latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit>
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/
<latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit> (number of black holes) (fraction in binaries)⇥

<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

(merger rate of those binaries today)
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<latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit>

Depends on 
parameters of the 

binaries



Parameterizing the 
coalescence rate

/
<latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit><latexit sha1_base64="2Ef02Zs1+UPMC8yBXkJbKN7kpsk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Bj04jGCeUCyhNnJbDJkdmaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KteAWg+DbW1vf2NzaLu2Ud/f2Dw4rR8ctqzJDWZMqoUwnJpYJLlkTOQrW0YaRNBasHY/vZn77iRnLlXzEiWZRSoaSJ5wSdFK7p43SqPqValAL5vBXSViQKhRo9CtfvYGiWcokUkGs7YaBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYXIT5VzqDJmki0VJJnxU/ux3f8ANoygmjhBquLvVpyNiCEWXUNmFEC6/vEpal7UwqIUPV9X6bRFHCU7hDC4ghGuowz00oAkUxvAMr/Dmae/Fe/c+Fq1rXjFzAn/gff4AotuPwA==</latexit> (number of black holes) (fraction in binaries)⇥

<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

(merger rate of those binaries today)
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<latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit><latexit sha1_base64="9Mz3UQi5SYE99zE6uQ4U4DsrzmY="></latexit>

Depends on 
parameters of the 

binaries



Parameterizing the 
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/
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How many dark black holes can form?

• Can dark matter cool 
sufficiently to collapse into 
black holes?

• What are the masses 
of those black holes?

• How many of those black 
holes are in binaries?

• What is the merger rate today, 
detectable by LIGO?

We need to check: 

} opacity limit arguments 
from 1970’s 

+ 
Pop III star literature; 
Now + simulations

Rosenberg and Fan, 1705.10341;  
Buckley and DiFranzo, 

1707.03829; 
Now + molecular cooling
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How much dark matter can cool?

Detailed rates calculated by Rosenberg and Fan, 1705.10341; 

Why is it cooling? Example: collisional excitation

dark hydrogen

(fast) dark electron

dark hydrogen 
excited state

slower dark electron

dark hydrogen

�̃
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How much dark matter can cool?

Buckley and DiFranzo, 1707.03829 

Cooling is more efficient for smaller dark matter halos: 
can maintain “cold dark matter” success on large scales

(cooling processes) >       (kinematics in gravitational well)
dT

dt
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dT

dt
<latexit sha1_base64="YRjsjMe48pLeqP8/vjRDkU+ETAA=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R8oJkCbOzs8mQ2YczvYGw7Hd48aCIVz/Gm3/jJNmDJhY0FFXddHd5iRQabfvbKm1sbm3vlHcre/sHh0fV45OOjlPFeJvFMlY9j2ouRcTbKFDyXqI4DT3Ju97kfu53p1xpEUctnCXcDekoEoFgFI3kDgJFWea38szHfFit2XV7AbJOnILUoEBzWP0a+DFLQx4hk1TrvmMn6GZUoWCS55VBqnlC2YSOeN/QiIZcu9ni6JxcGMUnQaxMRUgW6u+JjIZaz0LPdIYUx3rVm4v/ef0Ug1s3E1GSIo/YclGQSoIxmSdAfKE4QzkzhDIlzK2EjanJAU1OFROCs/ryOulc1R277jxe1xp3RRxlOINzuAQHbqABD9CENjB4gmd4hTdrar1Y79bHsrVkFTOn8AfW5w9VpJJ0</latexit><latexit sha1_base64="YRjsjMe48pLeqP8/vjRDkU+ETAA=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R8oJkCbOzs8mQ2YczvYGw7Hd48aCIVz/Gm3/jJNmDJhY0FFXddHd5iRQabfvbKm1sbm3vlHcre/sHh0fV45OOjlPFeJvFMlY9j2ouRcTbKFDyXqI4DT3Ju97kfu53p1xpEUctnCXcDekoEoFgFI3kDgJFWea38szHfFit2XV7AbJOnILUoEBzWP0a+DFLQx4hk1TrvmMn6GZUoWCS55VBqnlC2YSOeN/QiIZcu9ni6JxcGMUnQaxMRUgW6u+JjIZaz0LPdIYUx3rVm4v/ef0Ug1s3E1GSIo/YclGQSoIxmSdAfKE4QzkzhDIlzK2EjanJAU1OFROCs/ryOulc1R277jxe1xp3RRxlOINzuAQHbqABD9CENjB4gmd4hTdrar1Y79bHsrVkFTOn8AfW5w9VpJJ0</latexit><latexit sha1_base64="YRjsjMe48pLeqP8/vjRDkU+ETAA=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R8oJkCbOzs8mQ2YczvYGw7Hd48aCIVz/Gm3/jJNmDJhY0FFXddHd5iRQabfvbKm1sbm3vlHcre/sHh0fV45OOjlPFeJvFMlY9j2ouRcTbKFDyXqI4DT3Ju97kfu53p1xpEUctnCXcDekoEoFgFI3kDgJFWea38szHfFit2XV7AbJOnILUoEBzWP0a+DFLQx4hk1TrvmMn6GZUoWCS55VBqnlC2YSOeN/QiIZcu9ni6JxcGMUnQaxMRUgW6u+JjIZaz0LPdIYUx3rVm4v/ef0Ug1s3E1GSIo/YclGQSoIxmSdAfKE4QzkzhDIlzK2EjanJAU1OFROCs/ryOulc1R277jxe1xp3RRxlOINzuAQHbqABD9CENjB4gmd4hTdrar1Y79bHsrVkFTOn8AfW5w9VpJJ0</latexit><latexit sha1_base64="YRjsjMe48pLeqP8/vjRDkU+ETAA=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R8oJkCbOzs8mQ2YczvYGw7Hd48aCIVz/Gm3/jJNmDJhY0FFXddHd5iRQabfvbKm1sbm3vlHcre/sHh0fV45OOjlPFeJvFMlY9j2ouRcTbKFDyXqI4DT3Ju97kfu53p1xpEUctnCXcDekoEoFgFI3kDgJFWea38szHfFit2XV7AbJOnILUoEBzWP0a+DFLQx4hk1TrvmMn6GZUoWCS55VBqnlC2YSOeN/QiIZcu9ni6JxcGMUnQaxMRUgW6u+JjIZaz0LPdIYUx3rVm4v/ef0Ug1s3E1GSIo/YclGQSoIxmSdAfKE4QzkzhDIlzK2EjanJAU1OFROCs/ryOulc1R277jxe1xp3RRxlOINzuAQHbqABD9CENjB4gmd4hTdrar1Y79bHsrVkFTOn8AfW5w9VpJJ0</latexit>
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How much dark matter can cool?

Rosenberg and Fan, 1705.10341; Buckley and DiFranzo, 1707.03829 
Plot: Henry Gebhardt

Efficient 
cooling
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All cooling mechanisms

Consider all the 
processes that involve 

dark atoms (not yet 
dark molecules)
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All cooling mechanisms

Cooling dark matter

Cyr-Racine, de Putter, Raccanelli, Sigurdson 1310.3278

Plot: Henry Gebhardt

Efficient 
cooling

** But, must also maintain structure formation 

⇠ =
T�̃

T�,CMB
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Require a 
rather cold 
dark sector
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Cooling dark matter

fcool ⇠ 0.01
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Rosenberg and Fan, 1705.10341; Buckley and DiFranzo, 1707.03829 

Plot: Henry Gebhardt

Efficient 
cooling

This plot 
+ 

sub-halo mass 
function: 

10°5 10°4 10°3 10°2 10°1

mL (GeV)

102

104

106

108

1010

1012

1014
M

(M
Ø
)

mH = 16.0 GeV, ÆD = 0.01

DAO, ª = 0.5

DAO, ª = 0.1

DAO, ª = 0.02

All cooling mechanisms
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How much of the dark matter that can cool ends 
up in black holes?
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How much of the dark matter that can cool ends 
up in black holes?

Consider the star-to-gas ratio for Coma:



Shandera, TRISEP 2024

How much of the dark matter that can cool ends 
up in black holes?

~2% of mass in stars ~10% of mass in gas

Consider the star-to-gas ratio for Coma:
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How much of the dark matter that can cool ends 
up in black holes?

Or, from literature on formation of first stars (in hydrogen 
gas, with a bit of helium): 

fform. e↵. ⇠ 10�3
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fcool ⇥ fform. e↵. ⇠ 10�5
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Optimistic:



What is the mass of black holes formed 
by collapse of “atomic” dark matter?

“opacity limit” argument (Rees; Lynden-Bell, 1976) 
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✓
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Coefficient? Pop III star literature for proto-star masses:
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What is the minimum 
temperature the gas can cool to?
What process allows cooling to lowest temperature? 

Molecular hydrogen cooling

�E =

✓
mp

mX

◆⇣ mc
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⌘2 ⇣ ↵D
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⇥ 512K
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First excited state to ground state:

This gives us minimum temperature.
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The estimate was promising:

S. Shandera, D. Jeong, H.Grasshorn Gebhardt (1802.08206, PRL 120, 2018)

Fraction of dark matter in Dark Black Holes:
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fcool ⇥ fform. e↵. = 10�5 (10�3)

Rates per year

Similar results from others (Chang et al, Bramante et al, Fernandez et al) 
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Outlook for sub-solar mass searches

LIGO Observing run 4: O4a May 24, 2023 - Jan 16 2024

Figures + Projections from 2307.10421

LIGO Observing run 4: O4b March 27, 2024 - Nov 2024
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Outlook for sub-solar mass searches

LIGO Observing run 4: O4a May 24, 2023 - Jan 16 2024

Figures + Projections from 2307.10421

LIGO Observing run 4: O4b March 27, 2024 - Nov 2024

Novel compact 
more generally:

•Ryan and Radice, 
2201.05626, dark white 
dwarfs

•Hippert et al, 2103.01965, 
dark neutron stars
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What next?
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Particle Physics and 
Chemistry

Population model for 
ultracompact objects

Structure formation

More precisely?
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Prior work on atomic dark matter
Goldberg, Hall 1986

Ackerman et al 0810.5126

Feng et al 0905.3039

Kaplan et al 0909.0753, 1105.2073

Fan et al 1303.1521,1303.3271

Cyr-Racine et al 1209.5752, 1310.3278

Cline, Liu, Moore, Xue, 1311.6468

Foot, Vagnozzi 1409.7174, etc

Boddy et al, 1609.03592

Agrawal et al, 1610.04611

Ghalsasi and McQuinn, 1712.04779

Detailed rates for atomic processes calculated by Rosenberg and Fan, 1705.10341

Basic argument about cooling: Buckley and DiFranzo, 1707.03829 

Atomic physics of this model was known

But molecular physics is crucial for early universe 
abundances and for understanding cooling

Simulation work: 
Vogelsberger et al 1805.03203

Huo et al 1912.06757

Todoroki et al 1711.11078

Shen et al, 2102.09580

Mirror dark matter: 
Kobzarev et al, 1966,….more…..,

Mohapatra, Teplitz 1996 (“Structures in the Mirror 
Universe”)

Mohapatra, Teplitz 1999 (“Mirror Matter MACHOs”)

D’Amico et al, 1707.03419

Roux and Cline 2001.11504
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Why molecular physics?

Standard Model:

•Atomic cooling ~

•Molecular cooling ~
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First stars: 

Fragmentation depends on 
coldest temperature the gas can 
reach

Haemmerlé et al, 2003.10533
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Molecular physics
What do we need to compute gas cooling?

• Molecular energy levels

• Scattering processes
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Molecular physics
What do we need to compute gas cooling?

• Molecular energy levels

• Scattering processes

From first principles: solve the 4-body Schrödinger equation?

Easy to write down, hard to solve
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Molecular physics
Dimensional analysis!
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0.938GeV
, r↵ =

↵

137�1

Re-scale known standard model results using

James Gurian Michael Ryan
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Solving the dark hydrogen molecule
Steps: look at the analytic steps that worked for usual hydrogen, 
write everything in terms of key parameters

1. Spell out assumptions

2. Carry out an approximate solution exactly to see 
relationship between visible and dark cases (re-scaling)

3. Understand how the re-scaling can be applied to more 
exact (numerical) solutions, with what limitations
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Dark Hydrogen Molecule

A
B

1

2
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Dark Hydrogen Molecule
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Relative coords

A
B

1

2
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Dark Hydrogen Molecule

<latexit sha1_base64="5zxdfhzrgdP5A7Yc+gzwE/4bSmA=">AAACBXicbZDNSsNAFIUn/tb6F3Wpi8EiuLEkUtSN0NZNlxVsG2hDmEwn7dDJJMxMhJJ248ZXceNCEbe+gzvfxmkbQVsPDHycey937vFjRqWyrC9jaXlldW09t5Hf3Nre2TX39psySgQmDRyxSDg+koRRThqKKkacWBAU+oy0/MHNpN66J0LSiN+pYUzcEPU4DShGSlueeeR4aaU6vh6lHT+AztirnP1QdeSZBatoTQUXwc6gADLVPfOz041wEhKuMENStm0rVm6KhKKYkXG+k0gSIzxAPdLWyFFIpJtOrxjDE+10YRAJ/biCU/f3RIpCKYehrztDpPpyvjYx/6u1ExVcuSnlcaIIx7NFQcKgiuAkEtilgmDFhhoQFlT/FeI+EggrHVxeh2DPn7wIzfOifVEs3ZYK5VoWRw4cgmNwCmxwCcqgBuqgATB4AE/gBbwaj8az8Wa8z1qXjGzmAPyR8fENQW6Xzw==</latexit>

XAB = |XA �XB |
Relative coords

<latexit sha1_base64="UZgB0k8JgmXjImW9kJCL0NHdqr4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh5rvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2V2t1BetOYDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhNd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6R9UfUuq7X7WqXeyOMowgmcwjl4cAV1uIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx9FPI7x</latexit>

XAB
<latexit sha1_base64="FQxsX3nnEHc9Hz6tDFZO9nqLwys=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4rXnqsYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+55EqzaS4N9OY+hEeCRYygo2V2k+D1LuZDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhNd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6R9UfUuq7W7WqXeyOMowgmcwjl4cAV1aEATWkDgAZ7hFd4c6bw4787HorXg5DPH8AfO5w9eRY8G</latexit>x1A

A
B

1

2
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Solving the hydrogen molecule
1. For                , solve for (dark) electron wave functions, 

assuming (dark) protons remain stationary (Born-
Oppenheimer approximation)

<latexit sha1_base64="vWh3K5ainstg6r8lVckdWs+SyI0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFy9CBPOAZAmzk9nNmHksM7NCCPkHLx4U8er/ePNvnCR70MSChqKqm+6uKOXMWN//9gorq2vrG8XN0tb2zu5eef+gaVSmCW0QxZVuR9hQziRtWGY5baeaYhFx2oqGN1O/9US1YUo+2FFKQ4ETyWJGsHVS866bJEj0yhW/6s+AlkmQkwrkqPfKX92+Ipmg0hKOjekEfmrDMdaWEU4npW5maIrJECe046jEgppwPLt2gk6c0kex0q6kRTP198QYC2NGInKdAtuBWfSm4n9eJ7PxVThmMs0slWS+KM44sgpNX0d9pimxfOQIJpq5WxEZYI2JdQGVXAjB4svLpHlWDS6q5/fnldp1HkcRjuAYTiGAS6jBLdShAQQe4Rle4c1T3ov37n3MWwtePnMIf+B9/gD/II7D</latexit>

M � m

2. An ansatz for the electronic part, consider “Heitler-London”
<latexit sha1_base64="LC8fphVoekqeUt0EXBrboSh53C8="></latexit>

 electronic =
1p
2
[u0(x1A)u0(x2B) + u0(x2A)u0(x1B)]

Usual hydrogen atom ground state wave function

A B

1

2

Only parameter = Bohr radius:
<latexit sha1_base64="N7Rc1gfFvwh/ukYAhmTue5MIvn8=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSKepFKHjpsYKthSaEyXbTLt1Nwu5GKLEH/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w86KskkoW2S8ER2Q1CUs5i2NdOcdlNJQYSc3oejm6l//0ClYkl8p8cp9QUMYhYxAtpIgX0EgXPtRRJI7k5yD3g6BCwmgV11as4MeJm4BamiAq3A/vL6CckEjTXhoFTPdVLt5yA1I5xOKl6maApkBAPaMzQGQZWfz+6f4FOj9HGUSFOxxjP190QOQqmxCE2nAD1Ui95U/M/rZTq68nMWp5mmMZkvijKOdYKnYeA+k5RoPjYEiGTmVkyGYMLQJrKKCcFdfHmZdM5r7kWtfluvNppFHGV0jE7QGXLRJWqgJmqhNiLoET2jV/RmPVkv1rv1MW8tWcXMIfoD6/MHeryVyw==</latexit>

a0 =
1

↵m
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Solving the hydrogen molecule
1. For                , solve for (dark) electron wave functions, 
assuming (dark) protons remain stationary (Born-
Oppenheimer approximation)

<latexit sha1_base64="vWh3K5ainstg6r8lVckdWs+SyI0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFy9CBPOAZAmzk9nNmHksM7NCCPkHLx4U8er/ePNvnCR70MSChqKqm+6uKOXMWN//9gorq2vrG8XN0tb2zu5eef+gaVSmCW0QxZVuR9hQziRtWGY5baeaYhFx2oqGN1O/9US1YUo+2FFKQ4ETyWJGsHVS866bJEj0yhW/6s+AlkmQkwrkqPfKX92+Ipmg0hKOjekEfmrDMdaWEU4npW5maIrJECe046jEgppwPLt2gk6c0kex0q6kRTP198QYC2NGInKdAtuBWfSm4n9eJ7PxVThmMs0slWS+KM44sgpNX0d9pimxfOQIJpq5WxEZYI2JdQGVXAjB4svLpHlWDS6q5/fnldp1HkcRjuAYTiGAS6jBLdShAQQe4Rle4c1T3ov37n3MWwtePnMIf+B9/gD/II7D</latexit>

M � m

2. An ansatz for the electronic part, consider “Heitler-London”
<latexit sha1_base64="LC8fphVoekqeUt0EXBrboSh53C8="></latexit>

 electronic =
1p
2
[u0(x1A)u0(x2B) + u0(x2A)u0(x1B)]
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Solving the hydrogen molecule
With that ansatz, we have an effective potential for the dark “proton” 
pair: (nearly) the Morse potential

Wikipedia

<latexit sha1_base64="64hqV82QPX1N8G72WgF3Iiu9GcM="></latexit>

VMorse(XAB) = V0

h
e�2(XAB�X0)/b � 2e�(XAB�X0)/b

i

<latexit sha1_base64="0eER3nz1+KImhbBkCJmEBdkxbJk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FLz1WsB/QXUo2zbah2SQkWaEs/RtePCji1T/jzX9j2u5BWx8MPN6bYWZerDgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJlpQttEcql7MTaUM0HblllOe0pTnMacduPJ/dzvPlFtmBSPdqpolOKRYAkj2DopjEOlpbIS4YE/qNb8ur8AWidBQWpQoDWofoVDSbKUCks4NqYf+MpGOdaWEU5nlTAzVGEywSPad1TglJooX9w8QxdOGaJEalfCooX6eyLHqTHTNHadKbZjs+rNxf+8fmaTuyhnQmWWCrJclGQcuSfnAaAh05RYPnUEE83crYiMscbEupgqLoRg9eV10rmqBzf164frWqNZxFGGMziHSwjgFhrQhBa0gYCCZ3iFNy/zXrx372PZWvKKmVP4A+/zB6MHkXM=</latexit>

b / a0

<latexit sha1_base64="Ya8Z4wVDysrlVTUY9uG9n3NtP5Q=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4Ckkp6rLgpssK9gFNDTfTSTt0kgwzE6GE/IUbf8WNC0Xc6s6/cdpG0NYDA4dz7uXOOQFnVCrH+TJKa+sbm1vl7crO7t7+gXl41JFJKjBp44QloheAJIzGpK2oYqTHBYEoYKQbTK5nfveeCEmT+FZNORlEMIppSDEoLfmm3fEdj4uEq8TyQgE484DxMeQZ+E7+40QL8a7mm1XHduawVolbkCoq0PLNT2+Y4DQiscIMpOy7DleDDISimJG84qWScMATGJG+pjFERA6yea7cOtPK0AoToV+srLn6eyODSMppFOjJCNRYLnsz8T+vn6rwapDRmKeKxHhxKEyZpaPOSrKGVBCs2FQTwILqv1p4DLodpaus6BLc5cirpFOz3Qu7flOvNppFHWV0gk7ROXLRJWqgJmqhNsLoAT2hF/RqPBrPxpvxvhgtGcXOMfoD4+Mbqf2gRA==</latexit>

V0 / ↵

a0
/ m↵2

<latexit sha1_base64="Lf136Fj9eCuyPJYW6G4a3Q0eCUo=">AAAB9XicbVDLSgNBEOyNrxhfUY8iLAbBU9gVUY8BLzlGMA9I1mV2MpsMmZ0ZZmaVuOQ/vHhQxKv/4Cd48+SvOHkcNLGgoajqprsrkoxq43lfTm5peWV1Lb9e2Njc2t4p7u41tEgVJnUsmFCtCGnCKCd1Qw0jLakISiJGmtHgauw374jSVPAbM5QkSFCP05hiZKx02wq9jlRCGuGi0AuLJa/sTeAuEn9GSpXDjwes2XctLH52ugKnCeEGM6R12/ekCTKkDMWMjAqdVBOJ8AD1SNtSjhKig2xy9cg9tkrXjYWyxY07UX9PZCjRephEtjNBpq/nvbH4n9dOTXwZZJTL1BCOp4vilLn2yXEEbpcqgg0bWoKwovZWF/eRQtjYoAo2BH/+5UXSOC375+Wza79UqcIUeTiAIzgBHy6gAlWoQR0wKHiEZ3hx7p0n59V5m7bmnNnMPvyB8/4Dvh6Vww==</latexit>

X0 / a0
Separation at min of 

potential
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Solving the hydrogen molecule
The energy levels of the Morse potential 
can be calculated exactly

<latexit sha1_base64="tW0nPcnN1Fun2+mcRBoiyyvpK0A=">AAACDHicbVDLSgMxFM34rPVVdekmWISKUmaKqJvCgAilIFSwD+iMJZNm2tDMgyQjlmE+wI0r8TfcuFCKWz/AXf/G9LHQ1gOBwznncnOPEzIqpK4PtYXFpeWV1dRaen1jc2s7s7NbE0HEManigAW84SBBGPVJVVLJSCPkBHkOI3Wndzny6/eECxr4t7IfEttDHZ+6FCOppFYme9WKLe5BHsiTclK0XI5wXM6Vj42jJL5utPS7QqJSel4fA84TY0qyZnHwPDQfXiqtzLfVDnDkEV9ihoRoGnoo7RhxSTEjSdqKBAkR7qEOaSrqI48IOx4fk8BDpbShG3D1fAnH6u+JGHlC9D1HJT0ku2LWG4n/ec1Iuhd2TP0wksTHk0VuxKAM4KgZ2KacYMn6iiDMqforxF2k+pCqv7QqwZg9eZ7UCnnjLH96Y2TNEpggBfbBAcgBA5wDE5RABVQBBo/gFbyDD+1Je9MG2uckuqBNZ/bAH2hfP80SnfQ=</latexit>

Erot,J = J(J+1)
MX2

0

<latexit sha1_base64="0hzqe1mV1NsUokeQG4JBJXaCjuk="></latexit>

Evib,⌫ = �V0

⇣
1� ⌫+ 1

2

b
p
2MV0

⌘2
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Solving the hydrogen molecule
The energy levels of the Morse potential 
can be calculated exactly

<latexit sha1_base64="tW0nPcnN1Fun2+mcRBoiyyvpK0A=">AAACDHicbVDLSgMxFM34rPVVdekmWISKUmaKqJvCgAilIFSwD+iMJZNm2tDMgyQjlmE+wI0r8TfcuFCKWz/AXf/G9LHQ1gOBwznncnOPEzIqpK4PtYXFpeWV1dRaen1jc2s7s7NbE0HEManigAW84SBBGPVJVVLJSCPkBHkOI3Wndzny6/eECxr4t7IfEttDHZ+6FCOppFYme9WKLe5BHsiTclK0XI5wXM6Vj42jJL5utPS7QqJSel4fA84TY0qyZnHwPDQfXiqtzLfVDnDkEV9ihoRoGnoo7RhxSTEjSdqKBAkR7qEOaSrqI48IOx4fk8BDpbShG3D1fAnH6u+JGHlC9D1HJT0ku2LWG4n/ec1Iuhd2TP0wksTHk0VuxKAM4KgZ2KacYMn6iiDMqforxF2k+pCqv7QqwZg9eZ7UCnnjLH96Y2TNEpggBfbBAcgBA5wDE5RABVQBBo/gFbyDD+1Je9MG2uckuqBNZ/bAH2hfP80SnfQ=</latexit>

Erot,J = J(J+1)
MX2

0

<latexit sha1_base64="0hzqe1mV1NsUokeQG4JBJXaCjuk="></latexit>

Evib,⌫ = �V0

⇣
1� ⌫+ 1

2

b
p
2MV0

⌘2

We don’t have to re-solve 
this whole thing if the 
parameters change
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Solving the hydrogen molecule
The energy levels of the Morse potential 
can be calculated exactly

<latexit sha1_base64="tW0nPcnN1Fun2+mcRBoiyyvpK0A=">AAACDHicbVDLSgMxFM34rPVVdekmWISKUmaKqJvCgAilIFSwD+iMJZNm2tDMgyQjlmE+wI0r8TfcuFCKWz/AXf/G9LHQ1gOBwznncnOPEzIqpK4PtYXFpeWV1dRaen1jc2s7s7NbE0HEManigAW84SBBGPVJVVLJSCPkBHkOI3Wndzny6/eECxr4t7IfEttDHZ+6FCOppFYme9WKLe5BHsiTclK0XI5wXM6Vj42jJL5utPS7QqJSel4fA84TY0qyZnHwPDQfXiqtzLfVDnDkEV9ihoRoGnoo7RhxSTEjSdqKBAkR7qEOaSrqI48IOx4fk8BDpbShG3D1fAnH6u+JGHlC9D1HJT0ku2LWG4n/ec1Iuhd2TP0wksTHk0VuxKAM4KgZ2KacYMn6iiDMqforxF2k+pCqv7QqwZg9eZ7UCnnjLH96Y2TNEpggBfbBAcgBA5wDE5RABVQBBo/gFbyDD+1Je9MG2uckuqBNZ/bAH2hfP80SnfQ=</latexit>

Erot,J = J(J+1)
MX2

0

<latexit sha1_base64="0hzqe1mV1NsUokeQG4JBJXaCjuk="></latexit>

Evib,⌫ = �V0

⇣
1� ⌫+ 1

2

b
p
2MV0

⌘2

<latexit sha1_base64="6k1hvG3dOTh7mDBCrdXfqKgU5eU="></latexit>

Emol. vib =


r2↵r3/2m

r1/2M

�
Emol. vib,SM

<latexit sha1_base64="f+nIXtfcAhNB7LyuI1//0zyMajg="></latexit>

Emol. rot =
h
r2↵r2m
rM

i
Emol. rot,SM

We don’t have to re-solve 
this whole thing if the 
parameters change
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Solving the hydrogen molecule
How to do better? 


Get a better ansatz for the electronic 
wave-function. Work harder to solve for 
the energy levels (James-Coolidge, eg).
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How to do better? 


Get a better ansatz for the electronic 
wave-function. Work harder to solve for 
the energy levels (James-Coolidge, eg).

The more sophisticated 
versions of this do not 
introduce any additional 
physical scales, so….
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Solving the hydrogen molecule
How to do better? 


Get a better ansatz for the electronic 
wave-function. Work harder to solve for 
the energy levels (James-Coolidge, eg).

<latexit sha1_base64="6k1hvG3dOTh7mDBCrdXfqKgU5eU="></latexit>

Emol. vib =


r2↵r3/2m

r1/2M

�
Emol. vib,SM

<latexit sha1_base64="f+nIXtfcAhNB7LyuI1//0zyMajg="></latexit>

Emol. rot =
h
r2↵r2m
rM

i
Emol. rot,SM

The more sophisticated 
versions of this do not 
introduce any additional 
physical scales, so….
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What else do we need?
To understand cooling, we need: 


•Energy states available and their populations

•Transition probabilities

•Abundances of all species: reaction rates
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Molecular properties

2106.13245 (M. Ryan, J. Gurian, S. Shandera, D. Jeong) 

For                   , leading order re-scaling can be calculated:

The same re-scaling can be applied to more exact numerical results for 
standard model hydrogen.

<latexit sha1_base64="N6zEqqF5J3PvYHh49LWZgDsxr/o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFy9CBPOAZAmzk9lkzDyWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uKOHMWN//9gorq2vrG8XN0tb2zu5eef+gaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGN1O/9US1YUo+2HFCQ4EHksWMYOukpuhyju565Ypf9WdAyyTISQVy1Hvlr25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2Yza6doBOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvrxMmmfV4KJ6fn9eqV3ncRThCI7hFAK4hBrcQh0aQOARnuEV3jzlvXjv3se8teDlM4fwB97nDw8Qjs0=</latexit>

m ⌧ M
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Re-scaling a rate
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Important reaction rates

2106.13245 (M. Ryan, J. Gurian, S. Shandera, D. Jeong) 

<latexit sha1_base64="R10A/U/u3l4I6sEkANeS9tQ1GSU="></latexit>

� = h�vi / g(r↵, rm, rM )

✓
T

r�E

◆b

(But choose your favorite modern 
reaction rate for a more precise rate)

Some previous estimates in 1712.04779 (A. Ghalsasi, M. McQuinn) 
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Atomic + molecular cooling rates

2106.13245 (M. Ryan, J. Gurian, S. Shandera, D. Jeong) 

Legend:
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Now we can revisit how atomic dark 
matter cools, how structure forms
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DarkKROME

DarkKROME: https://bitbucket.org/mtryan83/darkkrome 
  2110.11971 (M. Ryan, S. Shandera, J. Gurian, D. Jeong) 

KROME: Grassi et al, 1311.1070 (kromepackage.org)

<latexit sha1_base64="v5I9oQR2YUsXZ2RnkW28IqSih3Q=">AAACDXicbVDLSsNAFJ34rPUVdekmWAVXJZGiboSiG5cV7AOaUCaTSTt0MgkzN0IJ+QE3/oobF4q4de/Ov3HaZKGtBy6cOede5t7jJ5wpsO1vY2l5ZXVtvbJR3dza3tk19/Y7Kk4loW0S81j2fKwoZ4K2gQGnvURSHPmcdv3xzdTvPlCpWCzuYZJQL8JDwUJGMGhpYB67ocQkC1w5ivMsgPyqEIo3DLIwzPOBWbPr9gzWInFKUkMlWgPzyw1ikkZUAOFYqb5jJ+BlWAIjnOZVN1U0wWSMh7SvqcARVV42uya3TrQSWGEsdQmwZurviQxHSk0iX3dGGEZq3puK/3n9FMJLL2MiSYEKUnwUptyC2JpGYwVMUgJ8ogkmkuldLTLCOg3QAVZ1CM78yYukc1Z3zuuNu0ateV3GUUGH6AidIgddoCa6RS3URgQ9omf0it6MJ+PFeDc+itYlo5w5QH9gfP4AvyydRg==</latexit>

d⇢

dt
=

⇢

tff
One-zone collapse

(free-fall)

<latexit sha1_base64="tZzdyWsP3Ad9LXZiynIhTC4wXmk="></latexit>

dT

dt
= (� � 1)

�(T, n̄)� ⇤(T, n̄)

kB
P

i ni

Solve the chemical network for atomic dark matter

Molecular, atomic abundances: J. Gurian, M. Ryan, D. Jeong, 
S. Shandera, 2110.11964  
Homogeneous cosmology of the early universe (Recfast ++) 
 (https://github.com/jamesgurian/RecfastJulia)

https://bitbucket.org/mtryan83/darkkrome
http://kromepackage.org
https://github.com/jamesgurian/RecfastJulia
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Minimum temperature dark matter can reach?

<latexit sha1_base64="pLVkrTzwZyqiWhcYwel9ZJD0eXE="></latexit>

108 M�, z = 10, r↵ = 1, ⇠ = 3⇥ 10�5

Dark KROME 
1-zone collapse

Maintain constant pressure 
(technique from Tegmark et 

al, 1997 
ApJ 474; Glover and Abel 

2008)

(Gurian et al 2209.00064)
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How much dark matter can cool?

Gurian, Ryan, Schon, Jeong, Shandera 2209.00064

<latexit sha1_base64="pLVkrTzwZyqiWhcYwel9ZJD0eXE="></latexit>

108 M�, z = 10, r↵ = 1, ⇠ = 3⇥ 10�5
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Fragmentation

<latexit sha1_base64="pLVkrTzwZyqiWhcYwel9ZJD0eXE="></latexit>

108 M�, z = 10, r↵ = 1, ⇠ = 3⇥ 10�5

Opacity limit fragment mass
Accretion significantly adds to protostar mass

(Gurian et al 2209.00064)
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Next steps: full simulations
We have added DarkKROME to (modified) Gizmo: hydrodynamical  atomic dark 
matter halo

Simulations: 
Sarah Schon

Cold dark matter

~ atomic dark matter
~ aDM proto-objects

Gizmo: P. Hopkins 
Also: Roy, Shen, Lisanti, Curtin, Murray, Hopkins, 2304.09878, 2311.02148; 6% aDM
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Next steps: full simulations
We have added DarkKROME to (modified) Gizmo: hydrodynamical  atomic dark 
matter halo

Simulations: 
Sarah Schon

Cold dark matter

~ atomic dark matter
~ aDM proto-objects

Gizmo: P. Hopkins 
Also: Roy, Shen, Lisanti, Curtin, Murray, Hopkins, 2304.09878, 2311.02148; 6% aDM

In Progress
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<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

Particle Physics and 
Chemistry

Population model for 
ultracompact objects

Hard!
Structure formation
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<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

mH
<latexit sha1_base64="5yO6LoMQhB/OlnBuk/XxtzMCKD8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoJceI5gHJEmYns8mQeSwzs0JY8glePCji1S/y5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKfloJwkNBR5KFjOCrZMeRL/eL5X9ij8HWiVBTsqQo9EvffUGiqSCSks4NqYb+IkNM6wtI5xOi73U0ASTMR7SrqMSC2rCbH7qFJ07ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxTZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunSKLoRg+eVV0qpWgstK9f6qXLvN4yjAKZzBBQRwDTWoQwOaQGAIz/AKbx73Xrx372PRuublMyfwB97nDx8YjbA=</latexit>

Particle Physics and 
Chemistry

Population model for 
ultracompact objects

Hard!
Structure formation Gravitational wave data

Not too hard
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Search for sub-solar mass black holes

• Search for sub-solar mass black 
holes: so far, no detect

LIGO, Virgo, KAGRA, D. Jeong, S. Shandera; 
(2212.01477, MNRAS; 2109.12197, PRL; 
1904.08976 PRL;1808.04771 PRL); R. Magee et al 
1808.04772, PRD;

Fourth observing run is in progress
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Lots of interesting ways to look for compact 
objects

(Blackboard)



What would we learn if we 
found something?
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GW190425: an intriguing event

LVC collaboration paper 2001.01761

Component 
masses:

<latexit sha1_base64="60ELv+wZn4D6XC7wcm/FPJi9zd4=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJDEnwti27cCBXsA5oQJpNJO3SSCTMToYRs/BU3LhRx62e482+cPhZaPXDhcM693HtPmDEqlW1/GZWFxaXllepqbW19Y3PL3N5pS54LTFqYMy66IZKE0ZS0FFWMdDNBUBIy0gmH12O/80CEpDy9V6OM+AnqpzSmGCktBeaeYzkuPIGudeZ6x/A2KDwecVUGZt227AngX+LMSB3M0AzMTy/iOE9IqjBDUvYcO1N+gYSimJGy5uWSZAgPUZ/0NE1RQqRfTB4o4aFWIhhzoStVcKL+nChQIuUoCXVngtRAzntj8T+vl6v40i9omuWKpHi6KM4ZVByO04ARFQQrNtIEYUH1rRAPkEBY6cxqOgRn/uW/pO1azrll353WG1ezOKpgHxyAI+CAC9AAN6AJWgCDEjyBF/BqPBrPxpvxPm2tGLOZXfALxsc3phiT6g==</latexit>

1.12� 2.52M�

<latexit sha1_base64="tGqx6vWUUxpOYQrzNLADT+G9WqM=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiTia1l047KCfUATymQ6SYfOTMLMRKihX+LGhSJu/RR3/o3Tx0JbD1w4nHMv994TZZxp43nfzsrq2vrGZmmrvL2zu1dx9w9aOs0VoU2S8lR1IqwpZ5I2DTOcdjJFsYg4bUfD24nffqRKs1Q+mFFGQ4ETyWJGsLFSz60EibGuQBeBZonAPbfq1bwp0DLx56QKczR67lfQT0kuqDSEY627vpeZsMDKMMLpuBzkmmaYDHFCu5ZKLKgOi+nhY3RilT6KU2VLGjRVf08UWGg9EpHtFNgM9KI3Ef/zurmJr8OCySw3VJLZojjnyKRokgLqM0WJ4SNLMFHM3orIACtMjM2qbEPwF19eJq2zmn9Z8+7Pq/WbeRwlOIJjOAUfrqAOd9CAJhDI4Rle4c15cl6cd+dj1rrizGcO4Q+czx98s5L6</latexit>& 5� Outlier from 
known BNS 
systems

“Neutron star”  label currently 
applied based on mass alone, in 
absence of EM counterpart
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If GW190425 is a dark black hole event:

D. Singh, M. Ryan, R. Magee, T. Akhter, S. Shandera, D. Jeong, C. Hanna (2009.05209) 

Rates         Limits on source population
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If GW190425 is a dark black hole event:

D. Singh, M. Ryan, R. Magee, T. Akhter, S. Shandera, D. Jeong, C. Hanna (2009.05209) 

Rates         Limits on source population

<latexit sha1_base64="1tOPB/1UC4aQM3aSSebWw/FG7pQ="></latexit>

MDM
Chand. < 1.4M� , 99.9%C.L.

(A1)
<latexit sha1_base64="jrn0ma1eqzMzKg1ZjoE/NCfg2+I="></latexit>

Mmin ! MD.Chand. ! Mheavy fermion
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If GW190425 is a dark black hole event:

D. Singh, M. Ryan, R. Magee, T. Akhter, S. Shandera, D. Jeong, C. Hanna (2009.05209) 

Rates         Limits on source population

<latexit sha1_base64="1tOPB/1UC4aQM3aSSebWw/FG7pQ="></latexit>

MDM
Chand. < 1.4M� , 99.9%C.L.

(A1)
<latexit sha1_base64="jrn0ma1eqzMzKg1ZjoE/NCfg2+I="></latexit>

Mmin ! MD.Chand. ! Mheavy fermion

<latexit sha1_base64="b3zKckmckcr1byj5LcLhxc2orSQ=">AAACEnicbVDJSgNBEO2JW4zbqEcvjUFQ0DATRT0GF/AYwSyQiaGnU0madM8M3T1CGOYbvPgrXjwo4tWTN//GznLQxAcFj/eqqKrnR5wp7TjfVmZufmFxKbucW1ldW9+wN7eqKowlhQoNeSjrPlHAWQAVzTSHeiSBCJ9Dze9fDv3aA0jFwuBODyJoCtINWIdRoo3Usg+8K+Ca4OtW4kmBRcgLqaeYwK5znxwdp97hSIdq2rLzTsEZAc8Sd0LyaIJyy/7y2iGNBQSacqJUw3Ui3UyI1IxySHNerCAitE+60DA0IAJUMxm9lOI9o7RxJ5SmAo1H6u+JhAilBsI3nYLonpr2huJ/XiPWnfNmwoIo1hDQ8aJOzLEO8TAf3GYSqOYDQwiVzNyKaY9IQrVJMWdCcKdfniXVYsE9LRRvT/Kli0kcWbSDdtE+ctEZKqEbVEYVRNEjekav6M16sl6sd+tj3JqxJjPb6A+szx84VZyR</latexit>

�Emol. ⇠ 10�3 eV

<latexit sha1_base64="ka5TWClT8/5vuBlKGsO/CGh4rOY="></latexit>

Mmin ! Mmin gas fragment ! �Emolecular(A2)
<latexit sha1_base64="ezdSI2F9NptBqBwxkxcEU8uN708=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgqiSlqMuiGzdCBfuAJi2T6aQdOpkZZiZCCdm48VfcuFDErf/gzr9x2mahrQcuHM65l3vvCQUlSrvut1VYWV1b3yhulra2d3b37P2DluKJRLiJOOWyE0KFKWG4qYmmuCMkhnFIcTscX0/99gOWinB2rycCBzEcMhIRBLWR+vaxLyQXmvuRhCj1IRUj2KvGvWqW3mZ9u+xW3BmcZeLlpAxyNPr2lz/gKIkx04hCpbqeK3SQQqkJojgr+YnCAqIxHOKuoQzGWAXp7IvMOTXKwIm4NMW0M1N/T6QwVmoSh6YzhnqkFr2p+J/XTXR0GaSEiURjhuaLooQ6mjvTSJwBkRhpOjEEIknMrQ4aQZOHNsGVTAje4svLpFWteOeV2l2tXL/K4yiCI3ACzoAHLkAd3IAGaAIEHsEzeAVv1pP1Yr1bH/PWgpXPHII/sD5/ABESmPA=</latexit>

/ ↵2m2

M
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(B) Cooling rate (over number density) of dark matter

Collisions in Bullet cluster give 
an upper bound on cooling 

(energy loss)

+ mol.  
Cooling

To form DBHs, need a 
minimum amount of cooling

<latexit sha1_base64="7rw8210QqzQrSl34i4BpJzZo/3U=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQkpSiboSiC7usYC/QhDCZTtqhM0mYmQglZOOruHGhiFsfw51v4zTNQlt/GPj4zzmcOb8fMyqVZX0bpZXVtfWN8mZla3tnd8/cP+jKKBGYdHDEItH3kSSMhqSjqGKkHwuCuM9Iz5/czuq9RyIkjcIHNY2Jy9EopAHFSGnLM4+4lzqCw1Z2bTec85zvSDfzzKpVs3LBZbALqIJCbc/8coYRTjgJFWZIyoFtxcpNkVAUM5JVnESSGOEJGpGBxhBxIt00PyCDp9oZwiAS+oUK5u7viRRxKafc150cqbFcrM3M/2qDRAVXbkrDOFEkxPNFQcKgiuAsDTikgmDFphoQFlT/FeIxEggrnVlFh2AvnrwM3XrNvqjV7xvV5k0RRxkcgxNwBmxwCZqgBdqgAzDIwDN4BW/Gk/FivBsf89aSUcwcgj8yPn8AKomVfg==</latexit>

mH = 14GeV
<latexit sha1_base64="1K8NLIsoEFqxMnDFANqQRfTjx4A=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9SIUvXisYD+gDWGz3bRLd7Nhd1Ioof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet7O2vrG5tV3aKe/u7R8cukfHLaMyTVmTKqF0JyKGCZ6wJnAQrJNqRmQkWDsa3c/89phpw1XyBJOUBZIMEh5zSsBKoevGYd7TEgtlYHrrVf3QrXhVbw68SvyCVFCBRuh+9fqKZpIlQAUxput7KQQ50cCpYNNyLzMsJXREBqxraUIkM0E+v3yKz63Sx7HSthLAc/X3RE6kMRMZ2U5JYGiWvZn4n9fNIL4Jcp6kGbCELhbFmcCg8CwG3OeaURATSwjV3N6K6ZBoQsGGVbYh+Msvr5JWrepfVWuPl5X6XRFHCZ2iM3SBfHSN6ugBNVATUTRGz+gVvTm58+K8Ox+L1jWnmDlBf+B8/gCTfZL4</latexit>

flost = 0.1

If GW190425 is a Dark Black Hole Event:
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Summary: Perspective

Most important interactions 
are between dark matter 

particles

Most important 
interaction is with the 

Standard Model

Dark 
Matter

Visible 
Matter

Visible 
Matter

Dark 
Matter

(Almost) 
Only gravity

- Or - 
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Summary: Details

Compact objects: a gravitational probe with particle 
physics power for dissipative dark matter 
(chemistry!)


• Fermion mass (Chandrasekhar limit)

• Cooling rate

• Molecular energy gap

Black Holes: Sensitive to/constraining for dark matter physics (far beyond primordial black holes)

We have the tools now to do end-to-end simulations with a simple dissipative dark 
matter model


