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Day 1:

• Intro + questions: 15’


• CLASS: 30’


• Jupiter Notebook and Plotting: 30’


• Physical Understanding based on our numerics: 45’
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z=0.18
150 kpc

z=0.18

Abell 1689, Hubble Space Telescope
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Galaxy distribution at z=0  
Millenium simulation - Springel et al 2005

• 102  - 103 galaxies 

• 1014 - 1015 Msun   

• ~1Mpc
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Galaxy distribution at z=0  
Millenium simulation - Springel et al 2005

• Cosmic web 

• Voids 

• Rich clusters of galaxies
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Dark matter distribution at z=0  
Millenium simulation - Springel et al 2005

• Cosmic web 

• Filaments
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Density field at z=18.3  
Millenium simulation - Springel et al 2005
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What is the CMB?
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Timeline

nucleosynthesis, thermalization (radiation black body spectrum), recombination and reionization 


Figure from Hu
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Figure from Hu
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Figure PDG - Scott and Smooth
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Objectives of the Lab:

• Compute CMB 


• Compute primordial power spectra


• Compare with observations
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Objectives of the Lab:

• Compute CMB 


• Compute primordial power spectra


• Compare with observations


At the end of the week:  
you are able to use state-of-the art softwares to compute cosmological perturbations and 

able to make plots, so you have the tools to be able to understand CMB.
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Directories for the lab

• Create a directory called bard_cmb_lab


‣ subdirectories:


๏ codes 

๏ notebooks 

๏ course_material
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Course Material

• Julien Lesgourgues:


‣ TASI Lecture


• Eiichiro Komatsu:


‣ LAL Lectures I, II, III (slides)


• Daniel Baumann:


‣ TASI Lecture on Inflation


• Wayne Hu:


‣ PhD Thesis

‣ Lecture Notes

‣ Slides

Put the documents you like in course_material, for instance: 
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Course Material

1995

1996
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Objectives of the Lab:

• Compute CMB  

• Compute primordial power spectra


• Compare with observations
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CLASS
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CLASS

• Boltzmann Code by Julien Lesgourgues


• Go to: http://class-code.net


• Download latest version: class_public-X.X.X.tar.gz


• Unzip the directory into codes 

‣ This creates a directory class_public-X.X.X

(X.X.X. = version number)

We use CLASS to compute CMB temperature spectra

http://class-code.net
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Navigating CLASS

• Mac users: Xcode to navigate and edit the files


• Linux users: Something equivalent to Xcode 

• Open Xcode 


• Create workspace


• Add files to workspace


‣ add the CLASS files by selecting the class_public-X.X.X directory 
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Running CLASS

• In Terminal, make sure you are in class_public-X.X.X directory


$ pwd 
/Users/boris/Bard-School/bard_cmb_lab/codes/class_public-2.7.2 

• Run the code


$ ./class explanatory.ini


• Et voilà! 

CLASS has computed CMB spectra
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First look at the results

• With file browser go to class_public-X.X.X/output directory


• Files “explanatory00_X” where there before


• Files “explanatory01_X” are the results of our computation
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First look at the results

explanatory01_cl_lensed.dat
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First look at the results

explanatory01_cl.dat
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First look at the results

explanatory01_parameters.ini
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First look at the results

explanatory01_unused_parameters.ini
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Making our own parameter file 

• Copy the file class_public-X.X.X/output/explanatory01_parameters.ini 

• Paste in the CLASS directory: class_public-X.X.X 

• Rename to bard_parameters.ini 

• Open in file editor
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• Change the name of the output files:


root = output/bard_ 

• Run:


$ ./class bard_parameters.ini


• This creates the same output files but with name bard_XX

Making our own parameter file 
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• In bard_parameters.ini edit: 

write primordial = yes 

• Run:


$ ./class bard_parameters.ini


• This creates file: bard_primordial_Pk.dat

Adding the primordial power spectrum as an output
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• In bard_parameters.ini edit: 

output = tCl,pCl,lCl,mTk 

• Run:


$ ./class bard_parameters.ini


• This creates file: bard_tk.dat

Adding the transfer functions as an output
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• In bard_parameters.ini edit: 

modes = s,t 

• Run:


$ ./class bard_parameters.ini


• This creates files: bard_cls.dat, bard_clt.dat 

• and adds tensor column to bard_primordial_Pk.dat

Adding the computation of tensor modes 
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• In bard_parameters.ini edit: 

write background = yes 

• Run:


$ ./class bard_parameters.ini


• This creates files: bard_background.dat 

Adding the background functions as an output 
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Jupyter Notebook
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• Go to directory notebooks: 

$ cd /Users/boris/Bard-School/bard_cmb_lab/notebooks 


• Open bard-notebook.ipynb with Jupyter


$ jupyter notebook bard-notebook-module-1.ipynb
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• First exercise: Plotting the Planck data (Figure 1 of Planck 2015 XIII)
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Planck Data
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Lensing vs no lensing

• Change the parameter file to compute scalar modes only
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Tensor mode

• Add r=1e-3 (tensor-to-scalar ratio) in the param file
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Contributions
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Doppler:

Photons and baryons are coupled at early time

->baryon velocity

Sachs-Wolf:


power spectrum of  theta + Psi
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Figure: Lesgourgues
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Figure: Lesgourgues
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Optical depth

Figure from Hu PhD Thesis
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CMB Polarisation

Figure: Hu
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Baryons and matter

Figure from Hu
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Silk Damping

Temperature anisotropy: damped oscillator => dispersion relation

imaginary term of the frequency: damping

(Hu cmb lecture notes)
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Lesgourgues TASI


