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Abstract: The dark universe may host physics as rich and complex as the visible sector, but the only guaranteed window to the dark sector(s) is
through gravity. If the dark matter has a dissipative self-interaction, dark gas can cool and collapse to form compact object whose mergers may be
accessible to LIGO. The mass spectrum of the merging compact objects encodes fundamental physical information--a purely gravitational probe of
dark matter microphysics.

In thistalk, I will present our work to forward-model the gas collapse process in the "atomic dark matter" model, beginning with a retelling of the
standard cosmological history including this new ingredient and culminating in a description of the fragmentation scale of the dark gas.
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The universe is dark
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So...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 «), forming bound
states, “dark hydrogen”
e temperature Tp/Tepyg =&

but we refer mostly to the ratios to standard model value r,, rv, ra.
We have the Chandrasekhar mass M. p ~ M3/ M?!
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This is testable!

LIGO event rate estimate ~ 1/yr for M. p ~ .01 Mg,
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Figure: Shandera 2018.
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Two asides

Atomic dark matter can constitute
. all of the DM (if £ <« 1).
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Roadmap

We need an accurate forward model! Figure:

Phase 0: cloud collapse
~ 0.5 Myr

.
2 .

~ a few thousand AU

Liu 2020

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 Virial equilibrium,

A hardening of binaries by scatters
*
i A
< , ¢
* * Expansion by relaxation 0 + Initial contraction

« ~100t.dyn-afewMyr . = ~10t_dyn ~ 0.1 Myr

Output binary statistics
~ 10 t_relax ~ 1 Myr

-/ ~1-10pc

Newly-born cluster

~01P¢ phase 2

James Gurian (Penn State University) ADM Minimum Mass

January 16, 2023

8/39

Page 9/31



Roadmap

We need an accurate forward model!

Phase -2: recombination, Phase -1:
molecule formation Growll structure
™ v

Exiting
linear regime

Virialization

Minihalo/atomic-cooling halo

Disk fragmentation,
~ a few hundred pc

formation of protostars

Phase 0: cloud collapse

-~ 0.5 Myr Phase 1: growth of protostars and

P p— expansion of the system by accretion,
evaporation of gas by feedback
~01-1Myr

~ a few thousand AU

Ejection of (low-mass) stars, PISNe,
dispersion of the cluster Virial equilibrium, Newly-born cluster
A hardening of binaries by scatters
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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 or s ) notes reference

H1) H +e —H+ R.2 see text
H2) H++v—H 4+ e Rs, see text
H3) H4e—H + - 14 %10 ":;"‘-‘“~x].(-— fit DJ
HI) H +7—H+e 1.1 107" T2 % expi fit DJ
H5) H +H—-H; +e 1.5 x 107 : T, < 300

{0 107 Y ! T, > 300. fit LDZ
HG) H™ +H" —HJ +e¢ 6.9 10757 %3 T, < 8000

9.6 x 1077029 T, > 8000, fit Po
HT) H + H" —- 2H 5.7 x 10757, "5 4 6.3 x 10°*

0.2 x 10°179% 4 4.4 x 10°3T,  fit by PAMS MAP

H8) H4+ H" — H} + 1 dex[—19.38 — 1.523 log T,
1.118(log Ty, )% — 0.1269(1

o e 1 < T, < 32000, fit RP, SBD

HY) H +7—-H+H 2.0 x 10'T} " exp v =0, fit Du

1.63 x 107 exp (-2 LTE. fit Ar, St
H10) H; + H — H: + HY G4 x 107" KAH
H1l) H] +e—2H 20607 T v =0, fit SDGR
H12) Hi ++ — 2H" + ¢ 9.0 x 10' T} exp (- 2522 fit BO
H13) H} +Hz - Hf + H 2.0 x 107 TH
H14) HY + H S HY +4 irrelevant KH
HI5) H:+H' —H] +H 30x10 Vexp (-2 ) 1. < 10°, it

15 x 10" exp (- ";"“) T, > 10", fit HMF
H16) Hz+e—H+H T 68 ) et o 1-‘"-x],{ """") v =0, fit SA
H17) Ha+te—2H fe L4 x 107 10T exp (- 1200)  fit by MID Co
H18) Hz++y—Hj + e 2.9 x Ul"fll -”“-\I’l - fit OR
H19) Hi + H — HJ + Hy 7.7.5¢ 10 "v:‘:p( ‘]’f'") fit SMT
H20) H} +e—Hy+H 6050 107 ST %2 Su
H21) Hz+H™ — H] + ~ 1.0 x 107! GH

M il = (Galli and Palla 1998)
Plus molecular cooling rates!
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Dark Molecular Chemistry

Re-scaling

Combined Atomic and Molecular Cooling

- o =

2 10]‘)
EH X Imf,
9.9 =i -
O-TD X rarm = SM: M=0.938 Gev, m=511 keV, | |
o —4=0.00729, x,, =10°® 1
"}/D(T) = g(r()ca Fm, rM)’}/SM(T/rAE) %10‘“ DML: M=40 GeV, m=40 ke,
‘ - T Ta=0.01x, =3-107

DM2: M=100 GeV, m=10 keV,
a=0.01, x,, =2x107

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

Rescaling: Results

# Reaction o Re-scaling pre-factor
% —2
1 p+e—H+~ K,E,(KL,IE,-s-AE) (e
2 H+‘:¢—>P+e [I.(Psm rgrm
= a AEY?2KE!L? —2
L 12 (KE+AE) & fm
1/2,..3/2
4 H-+~—=H+e a AEV2KY r;r;rm
5 H™+H—>Hy+e Pl S
7 H™ +p—2H uao\/_ ?EK@E D
4 KE+AE
bl B _r_£3KE3/23wl/2
4 2 (KE+AE)}a? 1/2 142
o Hy +v—>H+p ) W 5 R /
3
10 Hi +H-oHy+p o’ e e e
13 Hj +Hy > HI+H —'— o
15  Hy+p—HI+H - S
20 Hy +e— H+H e R
. H, +H — 3H a3 ;1”;3/2'%1/2
3B1 3H > Hy+H ag[%;] o Y Sl
LTE
3B2 H; +2H — 2H> —"— —"—
3B3 2H+HY 5 Hy+Ht —* e
3B4 2H+HY S HI+H —— S
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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
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Recombination and Molecule Formation

Abundance Results

github.com/jamesgurian/RecfastJulia
rm = 1000, 737 = 1000, ro = 1.37, £ = 0.005
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Phase —1: Linear Power Spectrum to Structure Formation

Phase —1: Linear Power Spectrum to Structure
Formation
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Phase —1: Linear Power Spectrum to Structure Formation

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

Halo Mass Function

(Mpc™?)

d N\
dln M
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Phase 0: Cooling and Collapse

Phase 0: Cooling and Collapse
Gurian, Ryan, Schon, Jeong, Shandera 2022
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Phase 0: Cooling and Collapse

Basic Timescale Argument

Not all halos cool: if t. < t#, collapse can occur (Buckley+ 2018)

Ty = 14
hR | L |

Halo mass (M)
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Phase 0: Cooling and Collapse

Improvement: Solve the Chemical Network
7# Reaction o) Re-scaling pre-factor
5 -
T Bre i KE(KE 1AE) ra m’
2 H+~v—>p+e MQE—E(K.E.:AE) ol
_ o AEV2KEL/Z -
3 H+e—H +~ F% f}%rmz
- o AEY/2K3/2
4 H +~v—=H+e E 76?55_‘_2'5)3 g2l
_ aal —1 —3/2 —1/2
5 H +H—)‘H2+e K_EU fae I'm v
H™ +p—2H aao\/_ “;EAE g e
H HE (KE+AE) o
+p_> 2 i 71 E3KE3/2M1/2
2 (KE+AFE)3a* 122 1:/2
9  Hi+v—H+p (LX) W r5 %
(42 3 - — -
10 Hf +H—=H,+p 0 o e R
13 H; +Hy — H_;,r +H —"— —'—
15 H +p—H +H —"— —'—
20 Hy + e > H+Hy 22 rulr,,;er
e H, +H — 3H o ra —3/2 &1/2
381 3H-—H, +H 32[2§]LTE e
382 H2 + 2H — ) 2H2 = —_n___
383 2H+H™ - Hy,+HT "— —"'—
3B4 2H+H' - H} +H —— ——
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Phase 0: Cooling and Collapse

What About Gravity?

One zone, p = p/tg State of the art 3D sim (Yoshida

2019)

T
104 - 104
a = chemical reaction
— - (H, formation)
A4 R
Hu] ?
o < " 3-body
l_O't 103 - 103 & -U,é’ o reaction
] ‘,.‘? & OO/.
835 Z
® S il chemical
heating
Jeans
instability
102 . . A -
— 0 5 10
104 101 106 10 10 10
n (cm™3)
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Phase 0: Cooling and Collapse

Setup

Using DarkKROME (Ryan+ 2022), let's apply this tool to ADM with:
@ r, = 1 (strong enough but not too strong)
@ (=5 XL.}0_3 (avoid large scale acoustic oscillations)
® Mo = 108 My (smallest virialized halos for & ~ 1073)

@ ry > 1 (avoid self-scattering constraint, make small black holes)
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Phase 0: Cooling and Collapse

The Minimum Temperature
Adiabatic Collapse

Hvdrostatic Equilibrium
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Phase 0: Cooling and Collapse

Minimum Temperature to Minimum Mass

3/2
M, =~ (Trk_T) p1/2

Gmpry

Lower bound (Rees 1976):

M Bevohe i YR km WY M. (kT i
min > (f) Mp rmp =~ e\ rymp
The minimum fragment mass before accretion!
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Phase 0: Cooling and Collapse

Minimum Mass

Adiabatic Collapse

B Tf' > U-Qarrmin

dﬂ"' (f.\—( ‘DM
din M/ din M

logo(Ms/Mz)
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Phase 1: Accretion and Feedback

Phase 1: Accretion and Feedback
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Phase 1: Accretion and Feedback

Let's start with the baryons

: . Zero Metallicity in Zero CPU Hours
Figure: Hirano 2013 _ Y
(in prep):
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Phase 1: Accretion and Feedback

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)

@ A large part of the ADM parameter space is prone to small-scale
(<« Mg) fragmentation
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