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The 21cm Signal

Global 21cm signal

- Relonization ends

Reionization begins First galaxies

Heating
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* 21cm signal tracks evolution of structure formation and reionization

* Need simulations to connect future observations to theory

* Signal depends strongly on density field: §T(x, z) = T‘i :L 1y (1 — e ™)
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H
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Questions

— How does evolving dark energy affect the 21cm signal?

— How do nonlinear corrections to the density field affect the 21cm signal?

— Can we constrain beyond ACDM cosmological parameters from simulations via SBI?

— Does extra information at nonlinear scales change inference performance?
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___Motivation g~ Simulations g

How to simulate the 21cm signal?
e 21cmFAST:

—> —>
Gaussian random field Perturbed density (2LPT) lonization field Brihtnss temperature
* 2nd order perturbations, scaled to higher redshifts via D(z)
Tg —"11
0Ty (x, 2) = T(1 —e ™
e Drawbacks: bl z) = =7 )

H
X xar(1l + du) ( )
« Only ACDM cosmologies . * \dup/dr + H

* 2nd order perturbation theory breaks down at nonlinear scales and low redshifts
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Beyond ACDM cosmologies: evolving dark energy (CPL)

e CPL model: w(a) = wy+ we(l — a)

 Changes to 21cmFAST: dynamically generate P, (k, z = 0) using CLASS, calculate Dp; (2)
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Beyond ACDM cosmologies: evolving dark energy (CPL)

e CPL model: w(a) = wy+ we(l — a)

 Changes to 21cmFAST: dynamically generate P, (k, z = 0) using CLASS, calculate Dp; (2)

Global signal for evolving dark energy
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____Motivation g Simulations g E\ REFT
21cm at (slightly) nonlinear scales? - Effective Field Theory of LSS

 EFTOfLSS: Standard perturbation theory + effective stress tensor (small scale physics)

= Papr P (k, 2) = Pii(k, z) + Pig(k, z) + Paa(k, z) — 2c2(2)k* Pra (k, 2)

tree 1-loop counter term
Matter Power Spectra at z=0
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___Motivation g Simulations g Ev

EFT in 21cmFAST

* [mplementation in 21cmFAST:

— lognormal field with EFT 2-point statistics at each redshift (post heatin)

21cm Power Spectra

102 p—
il U

101:— e T TN e === T
~a - NN‘NN _____________________
é 10% —== 9LPT z=7
z ~-= 9LPT 2=8
e oLPT z=10

10_1:‘ klinﬁ

102

id_l '160
klh/Mpc]
8

Maike Voelkel (ITP Heidelberg), Cosmology in the Alps 2026, 19.03.2026



____Motivation g Simulations g Ev

EFT in 21cmFAST

* [mplementation in 21cmFAST:

— lognormal field with EFT 2-point statistics at each redshift (post heatin)

Reionization History

21cm Power Spectra
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Simulation-based Inference (SBI)

1D PS [z=5-10] Posteriors
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____Motivation ___gie- Simulations __gie- Ev

SBI in beyond ACDM cosmologies
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____Motivation __gi- Simulations g _E\

Conclusions

* How does evolving dark energy affect the 21cm signal?
_)
 How do nonlinear corrections to the density field affect the 21cm signal?

—

« Can we constrain beyond ACDM cosmological parameters from simulations via SBI?
_)
 Does extra information at nonlinear scales change inference performance?

—
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Conclusions

* How does evolving dark energy affect the 21cm signal?

— shifts global 21cm signal, time of reionization

 How do nonlinear corrections to the density field affect the 21cm signal?

—

« Can we constrain beyond ACDM cosmological parameters from simulations via SBI?
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 Does extra information at nonlinear scales change inference performance?

—
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Conclusions

* How does evolving dark energy affect the 21cm signal?

— shifts global 21cm signal, time of reionization

 How do nonlinear corrections to the density field affect the 21cm signal?

— more power at small scales leads to earlier reionization

8
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_)
 Does extra information at nonlinear scales change inference performance?

—
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Conclusions

* How does evolving dark energy affect the 21cm signal?

— shifts global 21cm signal, time of reionization

 How do nonlinear corrections to the density field affect the 21cm signal?

— more power at small scales leads to earlier reionization

8
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— yes, but remaining degeneracies

* Does extra information at nonlinear scales change inference performance? -

28.50711255

—
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___Motivation ___gi- Simulations g _E

Conclusions

* How does evolving dark energy affect the 21cm signal?

— shifts global 21cm signal, time of reionization

 How do nonlinear corrections to the density field affect the 21cm signal?

— more power at small scales leads to earlier reionization

8
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— yes, but remaining degeneracies

* Does extra information at nonlinear scales change inference performance? -

28.50711255

— yes, tighter constraints for { and w,,
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Thank you for listening!
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Effective Field Theory of Large Scale Structure
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Figure: Ivanov, 2022 (arXiv:2212.08488)



Lognormal distribution

1 .
1. Correlation function: &(r) = — Z p(k)elkr
4 k

2. Gaussian correlation function: () = In(1 + &(r)) — Pg(k)

3. Generate gaussian random field with P (k): G(k) = \

2
O
4. Lognormal field: o(x) = exp(G(x) — 7(;) -1

= Resulting field has o(x) > — 1

Ps(k)V

2

(a, +

la;)
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Normalizing Flows

(a) Normalizing Flows: Direct Transformation Between Distributions

Complex Simple
Distribution fi f f3 Gaussian

Variable Value
o
9]

X1
px(x) P
Complex to Simple (Likelihood Evaluation) px(x) = pz(fl;l(x)) .detJfl;l(x)’

Simple to Complex (Sampling)
—

Image Credit: "Deep Learning in Astrophysics" Yuan-Sen Ting



21cm signal evolution

1 Gyr 300 Myr 100 Myr 20 Myr
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DESI values in 21cmFAST

E2 (a) _ Qm,Oa/_3 + QT,OCL—ZL + QAa_3(1+wO+wa)€_3wa(1_a)

Global signal for evolving dark energy
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