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Where’s the dark universe?
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Dark matter must have mass

We infer the existence of DM from gravitational effects. But now we can
“see” gravity directly!
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One simple model: atomic dark matter

We have:
heavy fermion (dark proton, mass M)
light fermion (dark electron, mass m)
coupled by dark photon (haha, coupling constant α), forming bound
states,“dark hydrogen”
temperature TD/TCMB = ξ

but we refer mostly to the ratios to standard model value rm, rM , rα.
We have the Chandrasekhar mass Mc,D ∼ M3

P/M2!
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aDM can be all of the DM!

Atomic dark matter can constitute all of the DM (if ξ � 1).

Figure: Cyr-Racine 2014
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Roadmap

We need an accurate forward model! Figure: Liu 2020
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Roadmap

We need an accurate forward model!
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Dark Molecular Chemistry

Prelim: Dark Molecular Chemistry
(Ryan, Gurian, Shandera, Jeong. 2021)
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Dark Molecular Chemistry

Non-equilibrium Chemistry

Plus molecular cooling rates!
(Galli and Palla 1998)

James Gurian (Penn State University) ADM Cosmology January 27, 2023 9 / 33



Dark Molecular Chemistry

Re-scaling

EH ∝ rmr2α
σT ,D ∝ r2αr−2

m
γD(T ) = g(rα, rm, rM)γSM(T/r∆E )

See Ryan 2021, Rosenberg 2017, and
Hart 2017 for details!
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Dark Molecular Chemistry

Rescaling: Results

# Reaction σ Re-scaling pre-factor

1 p + e → H+ γ α5

K.E.(K.E.+∆E)
r2α r−2

m

2 H+ γ → p + e µα5 1
(K.E.+∆E)3

r5α rm

3 H+ e → H− + γ α
µ2

∆E1/2 K.E.1/2
(K.E.+∆E)

r2α r−2
m

4 H− + γ → H+ e α
µ

∆E1/2K3/2

(K.E.+∆E)3
r5α rm

5 H− + H → H2 + e
√

α a30
K.E. r−1

α r−3/2
m r−1/2

M

7 H− + p → 2H α a20
√
µ

√
K.E.+∆E
K.E.∆E r−3

α r−3
m

8 H+ p → H+
2 + γ

(K.E.+∆E)3α4

E3
HK.E.3/2M1/2

9 H+
2 + γ → H+ p

(µ v
h ν

)2 (K.E.+∆E)3α4

E3
HK.E.3/2M1/2 r5α r1/2m r1/2M

10 H+
2 + H → H2 + p

√
α a30
K.E. r−1

α r−3/2
m r−1/2

M
13 H+

2 + H2 → H+
3 + H —"— —"—

15 H2 + p → H+
2 + H —"— —"—

20 H+
3 + e → H+ H2

α a0
K.E. r−1

α r−2
m rM

* H2 + H → 3H a20 r−1
α r−3/2

m r−1/2
M

3B1 3H → H2 + H a20

[
nH2
n2H

]
LTE

r−4
α r−4

m r−1
M

3B2 H2 + 2H → 2H2 —"— —"—
3B3 2H+ H+ → H2 + H+ —"— —"—
3B4 2H+ H+ → H+

2 + H —"— —"—
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Recombination and Molecule Formation

Phase −2: Recombination and Molecule Formation
Gurian, Jeong, Ryan, Shandera. 2021
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Recombination and Molecule Formation

Primordial Molecules

Figure: Galli and Palla 2012
James Gurian (Penn State University) ADM Cosmology January 27, 2023 13 / 33



Recombination and Molecule Formation

Abundance Results

github.com/jamesgurian/RecfastJulia
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Phase −1: Linear Power Spectrum to Structure Formation

Phase −1: Linear Power Spectrum to Structure
Formation

James Gurian (Penn State University) ADM Cosmology January 27, 2023 15 / 33



Phase −1: Linear Power Spectrum to Structure Formation

DAO and Diffusion

Cyr-Racine 2013
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Phase −1: Linear Power Spectrum to Structure Formation

Halo Mass Function
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Phase −1: Linear Power Spectrum to Structure Formation

Halo(?) Mass Function

(Stucker 2021)
James Gurian (Penn State University) ADM Cosmology January 27, 2023 18 / 33



Phase −1: Linear Power Spectrum to Structure Formation

Halo(?) Mass Function
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Phase −1: Linear Power Spectrum to Structure Formation

Halo(?) Mass Function

(Stucker 2021)
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Phase −1: Linear Power Spectrum to Structure Formation

Halos to stars

Gas collapses in DM overdensities
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Phase −1: Linear Power Spectrum to Structure Formation

Effects from dissipation

Some halos cool: if tc < tff , collapse can occur (Buckley+ 2018)
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Phase −1: Linear Power Spectrum to Structure Formation

Improvement: Solve the Chemical Network

# Reaction σ Re-scaling pre-factor

1 p + e → H+ γ α5

K.E.(K.E.+∆E)
r2α r−2

m

2 H+ γ → p + e µα5 1
(K.E.+∆E)3

r5α rm

3 H+ e → H− + γ α
µ2

∆E1/2 K.E.1/2
(K.E.+∆E)

r2α r−2
m

4 H− + γ → H+ e α
µ

∆E1/2K3/2

(K.E.+∆E)3
r5α rm

5 H− + H → H2 + e
√

α a30
K.E. r−1

α r−3/2
m r−1/2

M

7 H− + p → 2H α a20
√
µ

√
K.E.+∆E
K.E.∆E r−3

α r−3
m

8 H+ p → H+
2 + γ

(K.E.+∆E)3α4

E3
HK.E.3/2M1/2

9 H+
2 + γ → H+ p

(µ v
h ν

)2 (K.E.+∆E)3α4

E3
HK.E.3/2M1/2 r5α r1/2m r1/2M

10 H+
2 + H → H2 + p

√
α a30
K.E. r−1

α r−3/2
m r−1/2

M
13 H+

2 + H2 → H+
3 + H —"— —"—

15 H2 + p → H+
2 + H —"— —"—

20 H+
3 + e → H+ H2

α a0
K.E. r−1

α r−2
m rM

* H2 + H → 3H a20 r−1
α r−3/2

m r−1/2
M

3B1 3H → H2 + H a20

[
nH2
n2H

]
LTE

r−4
α r−4

m r−1
M

3B2 H2 + 2H → 2H2 —"— —"—
3B3 2H+ H+ → H2 + H+ —"— —"—
3B4 2H+ H+ → H+

2 + H —"— —"—
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Phase −1: Linear Power Spectrum to Structure Formation

HMF with cooling
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Phase −1: Linear Power Spectrum to Structure Formation

Conclusions

Gravitational waves can constrain DM microphysics
aDM can be all of the dark matter, if cold
We worked out the dark chemistry and you can use our tools!
(DarkKROME and RecfastJulia)
Diffusion damping/DAO and dissipative physics alter halo structure
and abundance
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Backup

Backup
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Backup

Cooling

Figure: Singh 2020
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Backup

LIGO Rates

Table: Shandera 2018
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Backup

Molecular Scaling

x2 =
K.E.
kB T =

µ v2

2 kB T ,

y2 =
∆E
kB T ,

γDM,non−γ = 〈σv〉 ∝

√
T
µ

∫ ∞

0
σ(x ; y)x3e−x2dx .

γDM,γ(Tγ) = 2c
∫ ∞

∆E/h
dν

ν2σphoto(ν)

ehν/kBTγ − 1

James Gurian (Penn State University) ADM Cosmology January 27, 2023 29 / 33



Backup

Three Level Atom

dxpD

dz =
(1 + KHDΛHD nHD (1 − xpD ))

H(z)(1 + z) (1 + KHD (ΛHD + βHD )nHD (1 − xpD ))

×
(

xeD xpD nHDαHD − βHD (1 − xpD )e
−hνHD2s/kTM

)
,

dTM
dz =

8σT,DaR,DT 4
R

3H(z)(1 + z)mc
xeD

1 + xeD

(TM − TR) +
2TM

(1 + z) .

James Gurian (Penn State University) ADM Cosmology January 27, 2023 30 / 33



Backup

Rate Uncertainty

Figure: Savin 2004
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Backup

DAO and Diffusion

For DM, R = 3ρ̄DM
4ρ̄γ,D ∝ ξ−4!

1
k2

D
=

∫ η

0

d η̃
6neσT a(η̃)

[
R2

(1 + R)2
+

16
15(1 + R)

]

rDAO =

∫ ηdec.

0
d η̃cs(η̃) =

∫ ηdec.

0
d η̃ 1√

3(1 + R(η̃))

For the parameters we are studying, (small ξ) diffusion wins.

So: P(k) → P(k)e−
(

k
kD

)2
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Backup

Halo Mass Function

Cutoff in power spectrum (diffusion damping) suppresses halo formation at
small scales.

dn
dM =

ρ̄

M2

∣∣∣∣ d lnσ

d lnM

∣∣∣∣ f (σ),

Where σ is the RMS density fluctation and f (σ) is the Sheth-Tormen mass
function.
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