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Simulation-based pipeline for Ptheory → Pobs

Developed for eBOSS stacking by Richard Shaw

1. Choose               model with simple (linear, quadratic) 
dependence on model parameters, e.g.
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P (theory)
21 (k, µ, z; ~⇥)

2. Simulate sky maps from 
each theory template

theory templates
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Figure 1. 2-d slices of the overdensity �h(x) of simulated 1010.8 � 1011.8 h�1M� halos (top), compared with the cubic bias
model (center), and the linear Standard Eulerian bias model (bottom). Each panel is 500 h�1Mpc wide and 110 h�1Mpc high,
and each density is smoothed with a R = 2 h�1Mpc Gaussian, WR(k) = exp[�(kR)2/2]. The colorbar indicates the values of
this smoothed overdensity �h(x).

Figure 2. Same as Fig. 1 but for more massive and less abundant 1011.8 � 1012.8 h�1M� halos.

B. One-Point Probability Distribution

To get a more global view of the position-space halo density we estimate its one-point probability distribution by
computing the histogram of the halo density for di↵erent smoothing scales. Fig. 3 compares the simulations against
the linear Standard Eulerian bias model evaluated on the 3-d grid, while Fig. 4 compares against the cubic bias
model. We focus on the halos corresponding to Fig. 2 where we found clearly visible di↵erences between models and
simulations. The variance, skewness and kurtosis of the densities shown in the histograms are listed in Table II for
the full simulated and modeled densities, and in Table III for the model error.
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3. Propagate maps through 
sim+analysis pipelines, 
to obtain obs. templates
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…
NB: Pipeline must be linear!

Template method
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the full simulated and modeled densities, and in Table III for the model error.

13

Figure 1. 2-d slices of the overdensity �h(x) of simulated 1010.8 � 1011.8 h�1M� halos (top), compared with the cubic bias
model (center), and the linear Standard Eulerian bias model (bottom). Each panel is 500 h�1Mpc wide and 110 h�1Mpc high,
and each density is smoothed with a R = 2 h�1Mpc Gaussian, WR(k) = exp[�(kR)2/2]. The colorbar indicates the values of
this smoothed overdensity �h(x).

Figure 2. Same as Fig. 1 but for more massive and less abundant 1011.8 � 1012.8 h�1M� halos.

B. One-Point Probability Distribution

To get a more global view of the position-space halo density we estimate its one-point probability distribution by
computing the histogram of the halo density for di↵erent smoothing scales. Fig. 3 compares the simulations against
the linear Standard Eulerian bias model evaluated on the 3-d grid, while Fig. 4 compares against the cubic bias
model. We focus on the halos corresponding to Fig. 2 where we found clearly visible di↵erences between models and
simulations. The variance, skewness and kurtosis of the densities shown in the histograms are listed in Table II for
the full simulated and modeled densities, and in Table III for the model error.

<latexit sha1_base64="j2ZkfBWkTpUkNP5KehpgW7Ym6RE=">AAAB/3icbVDLSsNAFJ3UV62vquDGzWARKkhJRKrLohuXFewDmhAmk0k7dDIJMzdCiV34K25cKOLW33Dn3zh9LLR64MLhnHu5954gFVyDbX9ZhaXlldW14nppY3Nre6e8u9fWSaYoa9FEJKobEM0El6wFHATrpoqROBCsEwyvJ37nninNE3kHo5R5MelLHnFKwEh++cANmQDiO1V3QCCX41PsyuzEL1fsmj0F/kucOamgOZp++dMNE5rFTAIVROueY6fg5UQBp4KNS26mWUrokPRZz1BJYqa9fHr/GB8bJcRRokxJwFP150ROYq1HcWA6YwIDvehNxP+8XgbRpZdzmWbAJJ0tijKBIcGTMHDIFaMgRoYQqri5FdMBUYSCiaxkQnAWX/5L2mc1p16r355XGlfzOIroEB2hKnLQBWqgG9RELUTRA3pCL+jVerSerTfrfdZasOYz++gXrI9v4yOVYw==</latexit>

�1(n̂, ⌫)
<latexit sha1_base64="vXajf1Wndjv3ENcdMPbRkGuGpLE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJilSXRTcuK9gHNCVMJtN26GQSZm6EErvwV9y4UMStv+HOv3H6WGjrgQuHc+7l3nuCRHANjvNt5VZW19Y38puFre2d3T17/6Cp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxjeTPzWA1Oax/IeRgnrRqQveY9TAkby7SMvZAKIXyl5AwKZHJ9jT6Znvl10ys4UeJm4c1JEc9R9+8sLY5pGTAIVROuO6yTQzYgCTgUbF7xUs4TQIemzjqGSREx3s+n9Y3xqlBD3YmVKAp6qvycyEmk9igLTGREY6EVvIv7ndVLoXXUzLpMUmKSzRb1UYIjxJAwccsUoiJEhhCpubsV0QBShYCIrmBDcxZeXSbNSdqvl6t1FsXY9jyOPjtEJKiEXXaIaukV11EAUPaJn9IrerCfrxXq3PmatOWs+c4j+wPr8AeS1lWQ=</latexit>

�2(n̂, ⌫)
…

3. Propagate maps through 
sim+analysis pipelines, 
to obtain obs. templates

<latexit sha1_base64="iVxf6eIZuv77wtSn6vtsSdwgsrE="></latexit>

P (theory)
21 (k, µ, z; ~⇥) =

X

i

✓iP
(theory)
i (k, µ, z)

<latexit sha1_base64="PPKijaq+GQWw79YRVnyHLHWu3Ec=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL0IKURKS6LLpxWcE+oIlhMp22Q2cmYWYilJCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HtPGDOqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqyiRmLRwxCLZDZEijArS0lQz0o0lQTxkpBOOb6Z+55FIRSNxrycx8TkaCjqgGGkjBfZRM3AfUk9yWIlCVc0q4zPo8aQa2GWn5swAl4mbkzLI0QzsL68f4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DBWIE+WnswcyeGqUPhxE0pTQcKb+nkgRV2rCQ9PJkR6pRW8q/uf1Ej248lMq4kQTgeeLBgmDOoLTNGCfSoI1mxiCsKTmVohHSCKsTWYlE4K7+PIyaZ/X3HqtfndRblzncRTBMTgBFeCCS9AAt6AJWgCDDDyDV/BmPVkv1rv1MW8tWPnMIfgD6/MHbq+VCA==</latexit>

P (obs)
1 (k, µ)

<latexit sha1_base64="0o4jHBsxGxbcXcdrJ9Dx8uVq+Gw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARWpCSFKkui25cVrAPaGKYTCft0JlMmJkIJXTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7Tjf1srq2vrGZmGruL2zu7dvHxy2lUglJi0smJDdECnCaExammpGuokkiIeMdMLRzdTvPBKpqIjv9TghPkeDmEYUI22kwD5uBrWHzJMclkWoKpPy6Bx6PK0EdsmpOjPAZeLmpARyNAP7y+sLnHISa8yQUj3XSbSfIakpZmRS9FJFEoRHaEB6hsaIE+Vnswcm8MwofRgJaSrWcKb+nsgQV2rMQ9PJkR6qRW8q/uf1Uh1d+RmNk1STGM8XRSmDWsBpGrBPJcGajQ1BWFJzK8RDJBHWJrOiCcFdfHmZtGtVt16t312UGtd5HAVwAk5BGbjgEjTALWiCFsBgAp7BK3iznqwX6936mLeuWPnMEfgD6/MHcEeVCQ==</latexit>

P (obs)
2 (k, µ)

…
NB: Pipeline must be linear!

Template method

signal

Simon Foreman | Richard Shaw

signal

L I M 2 5



300 ns window 300 ns window300 ns window 300 ns window

Simulation-based pipeline for Ptheory → Pobs

Developed for eBOSS stacking by Richard Shaw

1. Choose               model with simple (linear, quadratic) 
dependence on model parameters, e.g.

<latexit sha1_base64="X+s951EHLfqASjYBr6k1f8Ac6Tk=">AAACGHicbVBNS8NAEN34WetX1aOXxSK0IDUpUgUvohePFawWmlo226ldupuE3YlQQ36GF/+KFw+KeO3Nf2Nac9DWBwOP92aYmeeFUhi07S9rbn5hcWk5t5JfXVvf2Cxsbd+YINIcGjyQgW56zIAUPjRQoIRmqIEpT8KtN7gY+7cPoI0I/GschtBW7N4XPcEZplKncFjvxFUnuYtdrWgJ+xDoYTkpDQ6oq6ID+nhK3QfgsXvdB2RJOd8pFO2KPQGdJU5GiiRDvVMYud2ARwp85JIZ03LsENsx0yi4hCTvRgZCxgfsHlop9ZkC044njyV0P1W6tBfotHykE/X3RMyUMUPlpZ2KYd9Me2PxP68VYe+kHQs/jBB8/rOoF0mKAR2nRLtCA0c5TAnjWqS3Ut5nmnFMsxyH4Ey/PEtuqhWnVqldHRXPzrM4cmSX7JESccgxOSOXpE4ahJMn8kLeyLv1bL1aH9bnT+uclc3skD+wRt8J356I</latexit>

P (theory)
21 (k, µ, z; ~⇥)

2. Simulate sky maps from 
each theory template

theory templates

13

Figure 1. 2-d slices of the overdensity �h(x) of simulated 1010.8 � 1011.8 h�1M� halos (top), compared with the cubic bias
model (center), and the linear Standard Eulerian bias model (bottom). Each panel is 500 h�1Mpc wide and 110 h�1Mpc high,
and each density is smoothed with a R = 2 h�1Mpc Gaussian, WR(k) = exp[�(kR)2/2]. The colorbar indicates the values of
this smoothed overdensity �h(x).

Figure 2. Same as Fig. 1 but for more massive and less abundant 1011.8 � 1012.8 h�1M� halos.

B. One-Point Probability Distribution

To get a more global view of the position-space halo density we estimate its one-point probability distribution by
computing the histogram of the halo density for di↵erent smoothing scales. Fig. 3 compares the simulations against
the linear Standard Eulerian bias model evaluated on the 3-d grid, while Fig. 4 compares against the cubic bias
model. We focus on the halos corresponding to Fig. 2 where we found clearly visible di↵erences between models and
simulations. The variance, skewness and kurtosis of the densities shown in the histograms are listed in Table II for
the full simulated and modeled densities, and in Table III for the model error.
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�2(n̂, ⌫)
…

3. Propagate maps through 
sim+analysis pipelines, 
to obtain obs. templates

<latexit sha1_base64="iVxf6eIZuv77wtSn6vtsSdwgsrE="></latexit>

P (theory)
21 (k, µ, z; ~⇥) =

X

i

✓iP
(theory)
i (k, µ, z)

<latexit sha1_base64="PPKijaq+GQWw79YRVnyHLHWu3Ec=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL0IKURKS6LLpxWcE+oIlhMp22Q2cmYWYilJCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HtPGDOqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqyiRmLRwxCLZDZEijArS0lQz0o0lQTxkpBOOb6Z+55FIRSNxrycx8TkaCjqgGGkjBfZRM3AfUk9yWIlCVc0q4zPo8aQa2GWn5swAl4mbkzLI0QzsL68f4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DBWIE+WnswcyeGqUPhxE0pTQcKb+nkgRV2rCQ9PJkR6pRW8q/uf1Ej248lMq4kQTgeeLBgmDOoLTNGCfSoI1mxiCsKTmVohHSCKsTWYlE4K7+PIyaZ/X3HqtfndRblzncRTBMTgBFeCCS9AAt6AJWgCDDDyDV/BmPVkv1rv1MW8tWPnMIfgD6/MHbq+VCA==</latexit>

P (obs)
1 (k, µ)

<latexit sha1_base64="0o4jHBsxGxbcXcdrJ9Dx8uVq+Gw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARWpCSFKkui25cVrAPaGKYTCft0JlMmJkIJXTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7Tjf1srq2vrGZmGruL2zu7dvHxy2lUglJi0smJDdECnCaExammpGuokkiIeMdMLRzdTvPBKpqIjv9TghPkeDmEYUI22kwD5uBrWHzJMclkWoKpPy6Bx6PK0EdsmpOjPAZeLmpARyNAP7y+sLnHISa8yQUj3XSbSfIakpZmRS9FJFEoRHaEB6hsaIE+Vnswcm8MwofRgJaSrWcKb+nsgQV2rMQ9PJkR6qRW8q/uf1Uh1d+RmNk1STGM8XRSmDWsBpGrBPJcGajQ1BWFJzK8RDJBHWJrOiCcFdfHmZtGtVt16t312UGtd5HAVwAk5BGbjgEjTALWiCFsBgAp7BK3iznqwX6936mLeuWPnMEfgD6/MHcEeVCQ==</latexit>

P (obs)
2 (k, µ)

…
NB: Pipeline must be linear!

Template method

signal

Simon Foreman | Richard Shaw

signal
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Simulation-based pipeline for Ptheory → Pobs

4. Observed power spectrum is linear combination of 
obs. templates

<latexit sha1_base64="lm9XxpktuikE3b0HDhAQwag+CsQ="></latexit>

P (obs)
21 (k, µ; ~⇥) =

X

i

✓iP
(obs)
i (k, µ)

5. Sample likelihood to obtain posterior 
for 

300 ns window 300 ns window300 ns window 300 ns window

<latexit sha1_base64="PPKijaq+GQWw79YRVnyHLHWu3Ec=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL0IKURKS6LLpxWcE+oIlhMp22Q2cmYWYilJCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HtPGDOqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqyiRmLRwxCLZDZEijArS0lQz0o0lQTxkpBOOb6Z+55FIRSNxrycx8TkaCjqgGGkjBfZRM3AfUk9yWIlCVc0q4zPo8aQa2GWn5swAl4mbkzLI0QzsL68f4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DBWIE+WnswcyeGqUPhxE0pTQcKb+nkgRV2rCQ9PJkR6pRW8q/uf1Ej248lMq4kQTgeeLBgmDOoLTNGCfSoI1mxiCsKTmVohHSCKsTWYlE4K7+PIyaZ/X3HqtfndRblzncRTBMTgBFeCCS9AAt6AJWgCDDDyDV/BmPVkv1rv1MW8tWPnMIfgD6/MHbq+VCA==</latexit>

P (obs)
1 (k, µ)

<latexit sha1_base64="0o4jHBsxGxbcXcdrJ9Dx8uVq+Gw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARWpCSFKkui25cVrAPaGKYTCft0JlMmJkIJXTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7Tjf1srq2vrGZmGruL2zu7dvHxy2lUglJi0smJDdECnCaExammpGuokkiIeMdMLRzdTvPBKpqIjv9TghPkeDmEYUI22kwD5uBrWHzJMclkWoKpPy6Bx6PK0EdsmpOjPAZeLmpARyNAP7y+sLnHISa8yQUj3XSbSfIakpZmRS9FJFEoRHaEB6hsaIE+Vnswcm8MwofRgJaSrWcKb+nsgQV2rMQ9PJkR6qRW8q/uf1Uh1d+RmNk1STGM8XRSmDWsBpGrBPJcGajQ1BWFJzK8RDJBHWJrOiCcFdfHmZtGtVt16t312UGtd5HAVwAk5BGbjgEjTALWiCFsBgAp7BK3iznqwX6936mLeuWPnMEfgD6/MHcEeVCQ==</latexit>

P (obs)
2 (k, µ)

…

<latexit sha1_base64="lm9XxpktuikE3b0HDhAQwag+CsQ="></latexit>

P (obs)
21 (k, µ; ~⇥) =

X

i

✓iP
(obs)
i (k, µ)

3. Propagate maps through 
sim+analysis pipelines, 
to obtain obs. templates

Template method

signal

L I M 2 5



P(theory)
21cm  Model

P(theory)
21cm (k, μ, z) = Tb(z)2 [bHI(z) + fμ2]2 DFoG(kμ, z)2

× [αNLP(nonlin)
m (k, z) + (1 − αNL)P(lin)

m (k, z)]
Matter power spectrum;   interpolates between linear and nonlinear 


models ( at fixed cosmology )


     = linear HI bias


     = redshift-space distortions on large scales (“kaiser”)


 = RSD on small scales (“Finger of God”)


αNL

bHI

fμ2

DFoG
1

1 + 1
2 k2μ2σ2

FoG

      = mean 21cm brightness temperature, 
Tb ∝ ΩHI

L I M 2 5



     Parameter sensitivity:  and ΩHI bHI

Increases the overall amplitude

L I M 2 5



     Parameter sensitivity:  and σFoG αNL

Scale dependence
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Parameter degeneracies

P(theory)
21cm ∝ Ω2

HI[bHI + fμ2]2

L I M 2 5



Parameter degeneracies

P(theory)
21cm ∝ Ω2

HI[bHI + fμ2]2

A HI

“Signal-only simulations with 
realistic error bars”

Fiducial value

L I M 2 5

Fixed non-linear



Parameter degeneracies

P(theory)
21cm ∝ Ω2

HI[bHI + fμ2]2

AHI = 106Ω2
HI (b2

HI + 2bHI⟨ fμ2⟩ + ⟨ f 2μ4⟩)

Degeneracy

Constrain

A HI

“Signal-only simulations with 
realistic error bars”

Fiducial value

L I M 2 5

Fixed non-linear



Parameter degeneracies

P(theory)
21cm ∝ Ω2

HI[bHI + fμ2]2

 , αFoG αNL

Nuisance parameters

AHI = 106Ω2
HI (b2

HI + 2bHI⟨ fμ2⟩ + ⟨ f 2μ4⟩)

Degeneracy

Constrain

A HI

“Signal-only simulations with 
realistic error bars”

where  αFoG =
σFoG(z)

σ fid
FoG(zeff )

Fiducial value

L I M 2 5

Fixed non-linear



Parameter degeneracies

“Signal-only simulations with 
realistic error bars”

 Fiducial value

L I M 2 5

All parameters

Fixed non-linear



Reality check: Does our model hold up?

• Verifying that 4-parameter model is flexible 
enough to fit IllustrisTNG HI power spectrum 


• Verifying that TNG values of ,  are 
recovered from simulated parameter inference 


• Ensuring that posteriors are unbiased if 
extended power spectrum model is used   
(e.g. including shot noise, FoG from intra-
galaxy HI motions)

ΩHI bHI

In progress…

Simon Foreman

L I M 2 5- Villaescusa-Navarro et al. (2018)



Summary

We use simulation-based pipeline to bridge theoretical HI 
power spectrum model to CHIME observations


Our model includes , , and nuisance parameters 
and  characterizing small-scale physics.


Strong degeneracy exists between  and , limiting 
individual parameter constraints.


We address this by constraining the amplitude parameter , 
which remains well-determined.


Model accuracy is verified through systematic validation 
against IllustrisTNG hydrodynamical simulations.

ΩHI bHI αFoG
αNL

ΩHI bHI

AHI

Thank You
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