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Where's the dark universe?
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Dark matter must have mass
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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)
o light fermion (dark electron, mass m)

@ coupled by dark photon (haha, coupling constant «), forming bound
states,“dark hydrogen”

e temperature Tp/Tcymp = &

but we refer mostly to the ratios to standard model value rp,, ry, ro.
We have the Chandrasekhar mass M. p ~ M3 /M?!
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N
aDM can be all of the DM!

Atomic dark matter can constitute all of the DM (if £ < 1).
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Figure: Cyr-Racine 2014
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N
Roadmap

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

We need an accurate forward model!

Phase -1:
Growth of structure

Phase -2: recombinalion,

Exiting
sar regime

Virialization

Minihalo/atomic-cooling halo
~ a few hundred pc

~afewpe

Disk fragmentation,
formation of protostars

~ afew thousand AU

Phase 1: growth of protostars and
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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

Table 1. REACTION RATES FOR HYDROGEN SPECIES

reaction rate (em” s T ors™T) notes reference

H) H' +e—H+~ Re see text
H2) H+y—H'te Ry, see text
H3) H+4e—H +9 14 x 10715799 exp fit DJ
Hi) H +y—H+e 1L1x 107 T P exp (- fit DJ
H5) H +H—H:+e 15x107° T, < 300

40 x 10777 T, > 300, fit LDZ
H6) H™ +H" —HJ +e 6.9 x 10777, % T < 8000

9.6 x 10777, 0 Ty > 8000, fit Po
H7) H 4+ H' —2H 5.7 % 1077, %% 6.3 x 1075~

9.2 x 107 T)° +4.4x 1077, fit by PAMS MAP
H8) H+H" —Hj +7  dex[-19.38 — 1523 log Ty+

LL18(log T;)? - 0. 1269(log Ty)] 1< T, <32000, fit RP, SBD
H9) Hj 4+ —H+H" 2.0 x 10' ;1% pr( A v fit Du

LTE, fit Ar, St

H10) Hj + H — H, + H' KAH
HIl) Hj +e—2H v =0, fit SDGR
HI2) H; +7—2H +e exp (—25%2) fit BO
H13) Hj +Hy —H +H 20x107° TH
H14) Hy +H—Hj +7 irrelevant KH
HI5) Ho+ H' — Hf + H 30x10 Yexp J‘;’;" T, < 10%, fit

1.5 x 107" exp (— 24200 Ty > 10, fit HMF
HI16) Hy+e— H+H" 2.7 x 10757 " "'ewp( ”“"") 0, fit SA

Ty

HI7) Hz+e—2H+e 4.4 x 10710703 L\p( ““""“) fit by MD Co
H18) Hy+~—Hj +e 2.9 x 10°T1% exp (77") fit OR
H19) Hj +H— Hj + Hy 77 %1077 '7’:”) fit SMT
H20) Hj +e—Hy+H 46 % 107°T; su
H21) Hp+HY — Hi + 7 1.0 x 1071° GH
H22) Hj +7— H}' +H irrelevant KH

Plus molecular cooling rates!
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Dark Molecular Chemistry

Re-scaling

Ep o rmr?
oT,D X rgr,f

o(T) = &(ra; rm, rm)vsm(T/rak)

See Ryan 2021, Rosenberg 2017, and
Hart 2017 for details!

C i Atomic and M lar Cooling
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SM: M=0.938 GeV, m=511 keV,
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2

DM1: M=40 GeV, m=40 keV,
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>

DM2: M=100 GeV, m=10 keV,
- 22107
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Dark Molecular Chemistry

Rescaling: Results

# Reaction o Re-scaling pre-factor
5 —
1 pt+e—H+~y KE(KETAE) rarm®
2 H+vy—pte MQW 3 rm
_ 1/2 1/2 2
3 H+e—>H 4+~ ’% 7A(EK.E.4P:§E) 2 rm
_ AEL/2K3/2
4 H +y—H+e %m 3
3
5 H +HoHate o &t
7 H™ +p—2H aa¢*£§ﬁf ra
K.EA+AE
8  Hip—Hy+y W
2 (KE+AE)a* 1/2 1/2
9 HI+v—oH+p ) W ol ng
3
10 Hf+H—oH+p - &t
13 Hj+Hy—Hf+H —'— ——
15 Ho+p— HJ +H —— ——
20 Hj+e—-H+H; = et rmry
* Hy+H — 3H ag ! r,;3/2r,‘;1/2
3B1 3H—H+H ag [%} ro it
H lLTE
3B2  Hp+2H — 2H, " —n
3B3 2H4Ht = Hy +HY —" "
3B4 2H+HT - HJ +H " —n
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Recombination and Molecule Formation

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

James Gurian (Penn State University) ADM Cosmology January 27, 2023 12/33



Recombination and Molecule Formation

Primordial Molecules

log (number fraction)

100
redshift (1+z) 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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(https://github.com/jamesgurian/RecfastJulia)

Phase —1: Linear Power Spectrum to Structure Formation

Phase —1: Linear Power Spectrum to Structure
Formation
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DAO and Diffusion
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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

T T T T

-— Schneider et al. (2012 250eV
v Schneider et al. (2013, All o—o©
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s
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(Stucker 2021)
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Halo(?) Mass Function

but agree reasonably well in the CDM case. Although this may, in
part, be because most halo finders have been tested and tuned using
CDM simulations, WDM objects in the strongly suppressed regime
of the mass function are very different in nature from the clearly
bound, nearly spherical quasi-equilibrium haloes that dominate the
CDM mass function at all masses. As a result, in the WDM case
the halo mass function at low mass depends strongly on the def-
inition of a halo; Figure 7 should be understood as an indication

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

Halo(?) Mass Function
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Linear Power Spectru

o Structure Forma

Halos to stars

Gas collapses in DM overdensities

Phase -2: recombinalion,
molecule formation

Virialization

Minihalo/atomic-cooling halo
~ afew hundred pc

L

Star-forming cloud
few pc

Exiting

Phase 0: cloud collapse
~ 0.5 Myr

Phase -1:
Growth of structure

Disk fragmentation,
formation of protostars

———
~ afew thousand AU

Phase 1: growth of protostars and
expansion of the system by accretion,
evaporation of gas by feedback
~0.1-1Myr

Ejection of (low-mass) stars, PISNe,
dispersion of the cluster

~
*
* *

*

/ ~1-10pc

~10t_

Expansion by relaxation g
% ~100t.dyn~afewMyr . =

Output binlary ati

Virial equilibrium,
hardening of binaries by scatters
*

~10t_dyn~0.1

Initial contraction
Myr
T

Newly-born cluster
*

*

*

~01P° phase 2
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Phase —1: Linear Power Spectrum to Structure Formation

Effects from dissipation

Some halos cool: if t. < tg, collapse can occur (Buckley+ 2018)
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Phase —1: Linear Power Spectrum to Structure Formation

Improvement: Solve the Chemical Network

# Reaction o Re-scaling pre-factor
5 o
1 pte—H+~y K.E.(K(.!E.+?E) A rm’
2 H+y—p+e ”asi(K.l;.JrAEﬁ/ 3
_ 1/2 1/2 _
3 HteoH +7 ‘%A(%E% rarm’
- AEY/2K3/2 5
4 H 4y-oH+e b (RETAEP e
3 — —
5 H™+H—>Hy+e e ol
7 H +p—2H aao\fvgég@f rﬁr,f
K.E4+AE
8  Hip—Hi+v S
2 (KEA4AE)Pa* 1/2 1/2
9  Hyt+y—H+tp ) W Sl g
3
10 Hf+H—oHy+p o 2 gt
13 Hj +H, > Hf +H " ——
15 Hy+p—Hj+H —— ——
20 Hi+te—H+H 2 rlrary
* H, +H — 3H ag -1 ,-3/2 r—1/2
3B1 3H—H,+H 2 ["ﬂ% ittt
HILTE
3B2  Hy+42H — 2H, " "
3B3 2H+4+H' - Hy+HF  —"— ——
3B4 2H+HT - HJ +H —— ——
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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)

o Diffusion damping/DAO and dissipative physics alter halo structure
and abundance
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Backup
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Cooling
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LIGO Rates

mx | me | METE Mpgn Rates per year my < 14d|mi,me < 1.4
[GeV]|[keV]|[107°M ] [Mg] raw (MWEG ) [aLIGO (current)[aLIGO (full)[ Einstein T.|  [%] (%]
62 31 33 0.0068 — 0.68] 2.0x10~°(10~*) | 0.0012 (0.12) 0.020 (2.0) | 60 (6000) 100% 100%
8 | a7 56 0.016 — 1.6 | 1.3<10-°(10-7) | 0.0065 (0.65) | 0.11 (11) | 330 (33k) | 99% 79%
32 70 125 0.054 —5.4 [6.6 x 1077(10°) 0.068 (6.8) 1.1 (110) |3500 (350k) 53% 9.3%
16 140 500 0.43 —43 [1.9x 107 7(10°°) 0.89 (89) 22 (2200) |92k (9200k)| 9.8% 0.14%
Table: Shandera 2018
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Molecular Scaling
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Three Level Atom

dxpp (1 + KrpAHpnHp (1 — XPD))
dz H(Z)(l + Z) (1 + KHD(AHD + /BHD)nHD(l - XPD))

—hv kT,
X | XepXpp MHp Hp — BHp (1 — Xpp )€ Hp2s/ M)

)

2T\
(1+2)

dTu _ SUT,D3R7DT§ Xep (T - T )+
dz 3H(z)(1 4+ z)mc 1+ X, MR
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Fig. 1.— Recommended rate coefficients for Hy + H* — Hy + H. All data have been
multiplied by exp(1.83/kT) to remove the effects of the 1.83 eV threshold for this process.

Figure: Savin 2004
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DAO and Diffusion

For DM, R = 3PDM x &4

1_/’7 dij R? L 16
k3 Jo 6neora(ii) [(1+R)?  15(1+ R)

Tldec. " " Tldec. "
DAO 2/0 dijcs(ij) = ; d

1
N~
V3(L + R(77))
For the parameters we are studying, (small §) diffusion wins.

So: P(K) - P(k)e ()
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Halo Mass Function

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

dino
dinM

EL
dM M2

f(o-)’

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