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Abstract: The 21-cm signal provides a novel avenue to measure the thermal state of the universe during cosmic dawn and reionization, an
probe of exotic energy injection such as those from decaying or annihilating dark matter (DM). These DM processes are inherently inhomoge
both decay and annihilation are density dependent, and furthermore the fraction of injected energy that is deposited at each point depends o
ionization and density, leading to further inhomogeneities in absorption and propagation.

In this talk, I will present a new framework for modeling the impact of spatially inhomogeneous energy injection and deposition, accountir
ionization and baryon density dependence, as well as the attenuation of propagating photons. Our simulation code, DM21cm, is the first c
inhomogeneous treatment of the effects on the 21-cm power spectrum under exotic energy injection. With our pipeline, | will present the ser
forecast of the upcoming HERA 21-cm power spectrum measurements to DM decays to photons and electron/positron pairs.
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Dark matter & the early universe
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Outline

- |. Introduction: the 21-cm line observable

- |Il. Our dark matter energy injection simulation: DM21cm
- Energy deposition transfer functions from DarkHistory.
- Modifies 21emFAST’s equation of motion.
- Our custom photon propagation and energy deposition treatment.

- lll. Signal of dark matter energy injection.
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Part |: 21-cm cosmology

Hydrogen atom hyperfine
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DM decay/annihilation constraints

- X-ray and y-ray observations: line signals,
present day universe.

- CMB: LOS integrated information.

- Lyman-a: Hard to pass through neutral
hydrogen. LOS information.

- 21-cm line: 3D information. Sensitive to total
energy injection. Direct access to ionization
and thermal state.

- Previous works have been using simplified
deposition models and/or homogeneous
energy injection. e.g. (Facchinetti et al 2023)
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We want a framework with:

- Inhomogeneous energy injection.

- Energy deposition self-consistently
dependent ionization and thermal
states of the gas.

- Consistent treatment of long lived
propagating particles.
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Part Il: Our simulation DM21cm

-

-

4

N

Sun | Probing DM energy injection with 21cm Power Spectrum 6

Pirsa: 24020077 Page 7/35



Part |l: Our simulation DM21cm

- Built on 21emFAST: Modify 21emFAST’s Euler

step simulation. Defer astrophysics (UV, stellar
X-ray, etc.) t0 21cmFAST.

- Use DarkHistory to initialize the universe
before reionization, and pre-calculate energy
deposition processes in a redshift step under
various intergalactic medium (IGM)
conditions.

- Compute the dark matter energy injection,
propagation, and deposition using our new
framework: DM21cm, which pass the

modification terms to 21cmFAST.
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D arkH i S t ry A python code package available at

- In a homogeneous universe, calculates
exotic energy injection and deposition

from before CMB (z=3000) to reionization

(given reionization model).

- Handles injected photons and electrons

from 10-4 eV to 1012 eV kinetic energy.

- Self-consistently modifies IGM
temperature, ionization (backreaction).

- Tracks propagating photons as a photon

bath.
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DarkHist¥#ry yand et~ processes
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DarkHist#ry particle transfer functions
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DarkHisti#ry particle transfer functions
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- In order to calculate 21-cm line signal, we need

Plan for DM21cm

spatially resolved simulations.

- Naively, we can

- track states of the universe in a periodic box.

- track long-lived photon intensity field (very

- |f we don’t want to do radiative transfer, we can

- notice that some photons deposit energy very
quickly, while others travel for a long time / space
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Plan for DM21cm

- In order to calculate 21-cm line signal, we need
C H

spatially resolved simulations.
- track states of the universe in a periodic box. IGM sta"céié”“"f& DarkHistory

- track long-lived photon intensity field (very H

- Naively, we can

expensive!)

- |f we don’t want to do radiative transfer, we can

- notice that some photons deposit energy very
quickly, while others travel for a long time / space
relative to time step / box size.

- long-lived photons saturate the box quickly, but
deposit energy over long period of time. Can
model as a homogeneous isotropic bath.

\\ Time
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Plan for DM21cm

- In order to calculate 21-cm line signal, we need
spatially resolved simulations.

- Naively, we can
- track states of the universe in a periodic box.

- track long-lived photon intensity field (very
expensive!)

- |f we don’t want to do radiative transfer, we can

- notice that some photons deposit energy very
quickly, while others travel for a long time / space
relative to time step / box size.

- long-lived photons saturate the box quickly, but
deposit energy over long period of time. Can
model as a homogeneous isotropic bath.

- What about particles in between?

10
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Transparency window
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Transparency window

Photons:

High energy photons
free stream and are
long-lived.

Lowering the energy
to ~ keV, opacity
quickly turns on as
photoionization
becomes efficient.
Low energy photons
from 10.2-100 eV
ionize/excite IGM
efficiently.

Lower energy photons

free stream.
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Transparency window

Photons:

- High energy photons
free stream and are
long-lived.

- Lowering the energy
to ~ keV, opacity
quickly turns on as 5
photoionization
becomes efficient.

- Low energy photons
from 10.2-100 eV 5 15
ionize/excite IGM
efficiently.

- Lower energy photons
free stream.
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Electrons:
- Do not propagate, as trace

amount (10-20G) of the I1G
magnetic field confines
them. Deposit energy on-
the-spot.

We assume they promptly
deposit as well. In cases
where our constraints are
not the strongest, this is a
good approximation.
Future work can account
for long-lived localized
electrons.
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Photons: 3 regimes
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on-the-spot (OTS). the simulation box.
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21cmFAST overview

simulates the reionizing universe in a periodic box.

typical run ~ (128 cell * 2 Mpc/cell)3.

tracks IGM temperature 7}, IGM ionization level
X = Xger = X e = 0), overdensity
Oy = Op.

- EoM: dx,(z,x) dt
- —Z [Aion - aAcxez "AfH]

dz
di(Z, X) 2 dt 4 2Tk dnA Tk dxe
— —_— € —_
dz 3kp(1 +x,) dz “ P 3ny dz  1+x, dz

Murray, Greig, Mesinger, Mufioz, Qin, Park, Watkinson (2020)
13
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On-the-spot and bath depositions

Can be implemented in a straightforward
mannet.

On-the-spot Bath

15
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Modifying the EoM

Dark matter (all injections) contributes the red terms:

dx,(z,X) dt dx,_? =
iz = = [Aion — a,Cx? ”AfH] it T
di(Z, X) 2 dt 4 2Tk dnA Tk dxe dePM
— —— € =
dz 3kp(1 +x,) dz 5 3ny dz  1+x, dz dz

J = J +JM

Ly-a modifies the coupling of 7}, to the color temperature 7.

~1 —1 ~1
e ol s oy Ui

b= x, < J,/(1+2)

1+x.+x,

14
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