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CMB BAO (& RSD)
BAO from eBOSS DR16  and 6dFtemperature, polarization from Planck 2018
RSD from eBOSS

LSS
GC, WL, GCxWL from DES Y1Pantheon

SH0ES prior on magnitude

SNIa

lensing from Planck 2018

The gamefield



We can capture the large scale behavior of gravity in few phenomenological functions:

Lensing:

Clustering:

Expansion:
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What can current data tell us about w, µ, ∑?
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Planck 2018Huterer et al., Rep. Prog. Phys., 2017



Can we maximize the information gain and 
minimize the theoretical bias?



Reconstructing Gravity

z=1000
z=4z=3z=0

(a=0.2)(a=0.25)(a=1)

We bin the functions in time:

The three functions are represented by their values at 11 discrete values (nodes) 
of a, with a cubic spline used to interpolate between them. 
From the 11 nodes, 10 are distributed uniformly in the interval a ∈ [1, 0.25] 
(corresponding to z ∈ [0, 3]) with another one at a = 0.2 (z = 4). 

The functions are made to approach their ΛCDM values at higher redshifts (studying 
earlier times deviations from GR is generally possible within the same framework) .
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The data

And we fit all the resulting parameters, along with the standard cosmological ones to 
two combinations of data sets:

BASELINE: CMB + SN + BAO

BASELINE+LSS:  CMB + SN + BA0-RSD + DES

BAO: eBOSS DR16 BAO compilation + 6dF, covering 0.07<z<3.5

RSD: eBOSS joint measurement of BAO and RSD for LRGs, ELGs and QSOs 

SN: Pantheon sample 0.01<z<2.3

DES: DES-Y1 3x2pt correlation functions of galaxy clustering, cosmic shear, galaxy-
galaxy lensing; sources in 0.2<z<1.3 (with non-linear cut)

CMB: Planck2018 temperature, polarization and the reconstructed CMB weak 
lensing spectra 
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MSN



Correlated Prior

We would like to add a theory-motivated correlation prior, to
(mildly) correlate the values of the functions in neighbouring bins. 

This will ease convergence for high number of nodes and smooth 
out (unphysical) variations of the functions with redshift.

We focus on Horndeski gravity



Raveri, Bull, AS, Pogosian, PRD 2017
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<latexit sha1_base64="p/R3O2eo2HLJVWImcnuZ+AhltTA=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CjMiid6CXjxGMQskQ+jp1CRNenqG7h4hDPkDLx4U8eofefNv7CyC64OCx3tVVNULEsG1cd13J7e0vLK6ll8vbGxube8Ud/eaOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxhdTv3WHSrNY3lrxgn6ER1IHnJGjZVuulmvWHLLVdc7r3jkN/HK7gwlWKDeK751+zFLI5SGCap1x3MT42dUGc4ETgrdVGNC2YgOsGOppBFqP5tdOiFHVumTMFa2pCEz9etERiOtx1FgOyNqhvqnNxX/8jqpCc/8jMskNSjZfFGYCmJiMn2b9LlCZsTYEsoUt7cSNqSKMmPDKdgQPj8l/5PmSdmrlL3r01LtYhFHHg7gEI7BgyrU4Arq0AAGIdzDIzw5I+fBeXZe5q05ZzGzD9/gvH4ABcWNsw==</latexit>

{

<latexit sha1_base64="J8VZ1zioIrIlfCcrFD6Q419RGkQ=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4ELLREqru6IblxVsK3TGkslk2tBkZkgyQhlm46+4caGIWz/DnX9j+hB8HriXwzn3ktzjJ5wp7TjvVmFufmFxqbhcWlldW9+wN7faKk4loS0S81he+1hRziLa0kxzep1IioXPaccfno/9zi2VisXRlR4l1BO4H7GQEayN1LN3kHNTPTKt5h5mrhRQxAHlKu/ZZadSd9BpDcHfBFWcCcpghmbPfnODmKSCRppwrFQXOYn2Miw1I5zmJTdVNMFkiPu0a2iEBVVeNjkgh/tGCWAYS1ORhhP160aGhVIj4ZtJgfVA/fTG4l9eN9XhiZexKEk1jcj0oTDlUMdwnAYMmKRE85EhmEhm/grJAEtMtMmsZEL4vBT+T9rHFVSroMtquXE2i6MIdsEeOAAI1EEDXIAmaAECcnAPHsGTdWc9WM/Wy3S0YM12tsE3WK8f0zSVUw==</latexit>

104 � 106 models

Saving only viable models:



Theoretical priors - Horndeski
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<latexit sha1_base64="SXis4yBpM1hi9CaXlud0Ipf89/Q=">AAAB7XicdVDJSgNBEK1xjXGLevTSGIR4GWZEEr0FvXiMYBZIhtDT6UnadPcM3T1CHPIPXjwo4tX/8ebf2FkE1wcFj/eqqKoXJpxp43nvzsLi0vLKam4tv76xubVd2Nlt6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkOLyZ+85YqzWJ5bUYJDQTuSxYxgo2VGh2Rlu6OuoWi51Y8/6zso9/Ed70pijBHrVt46/RikgoqDeFY67bvJSbIsDKMcDrOd1JNE0yGuE/blkosqA6y6bVjdGiVHopiZUsaNFW/TmRYaD0Soe0U2Az0T28i/uW1UxOdBhmTSWqoJLNFUcqRidHkddRjihLDR5Zgopi9FZEBVpgYG1DehvD5KfqfNI5dv+z6VyfF6vk8jhzswwGUwIcKVOESalAHAjdwD4/w5MTOg/PsvMxaF5z5zB58g/P6AW6cjw0=</latexit>

µ(z)
<latexit sha1_base64="tVtgaSEY/Y8hQUhQz9VrufDbpkk=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiDEyzAjkugt6MVjRLNIMoSeTidp0t0zdPcIcchXePGgiFc/x5t/Y2cRXB8UPN6roqpeGHOmjee9O5mFxaXllexqbm19Y3Mrv71T11GiCK2RiEeqGWJNOZO0ZpjhtBkrikXIaSMcnk/8xi1VmkXy2oxiGgjcl6zHCDZWumlfsb7AxbvDTr7guWXPPy356DfxXW+KAsxR7eTf2t2IJIJKQzjWuuV7sQlSrAwjnI5z7UTTGJMh7tOWpRILqoN0evAYHVili3qRsiUNmqpfJ1IstB6J0HYKbAb6pzcR//JaiemdBCmTcWKoJLNFvYQjE6HJ96jLFCWGjyzBRDF7KyIDrDAxNqOcDeHzU/Q/qR+5fsn1L48LlbN5HFnYg30ogg9lqMAFVKEGBATcwyM8Ocp5cJ6dl1lrxpnP7MI3OK8ff9yQOg==</latexit>

⌃(z)
<latexit sha1_base64="ykqecu4MhD89elVvCNbUaK3Lxvk=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRahXpZdkVZvRS8eK9haaJeSTbNtaJJdkqxSS/+CFw+KePUPefPfmG0r+Plg4PHeDDPzwoQzbTzv3cktLC4tr+RXC2vrG5tbxe2dpo5TRWiDxDxWrRBrypmkDcMMp61EUSxCTq/D4XnmX99QpVksr8wooYHAfckiRrDJpNvy3WG3WPLcquefVnz0m/iuN0UJ5qh3i2+dXkxSQaUhHGvd9r3EBGOsDCOcTgqdVNMEkyHu07alEguqg/H01gk6sEoPRbGyJQ2aql8nxlhoPRKh7RTYDPRPLxP/8tqpiU6CMZNJaqgks0VRypGJUfY46jFFieEjSzBRzN6KyAArTIyNp2BD+PwU/U+aR65fcf3L41LtbB5HHvZgH8rgQxVqcAF1aACBAdzDIzw5wnlwnp2XWWvOmc/swjc4rx/zko4y</latexit>

w(z)



Theory Correlation Matrix

So, let us introduce the Horndeski prior,  correlating the values of the different functions 
at the different bins,  as a Gaussian prior :

Folding in the Theoretical Prior

<latexit sha1_base64="YDbgG5ZvGmvuxGLzEWB/AJNtLT4=">AAACiXiclVFNbxMxEPUuUErKR4BjLxYRUpFItK4gLT1VzYVjkJq2UnYbeZ3ZxKp3bdmziGjl/9LfxI1/g7MJ33BgJMtPb+aNx29yo6TDJPkSxXfu3tu5v/ugs/fw0eMn3afPLpyurYCJ0Erbq5w7ULKCCUpUcGUs8DJXcJnfjNb5y49gndTVOa4MZCVfVLKQgmOgZt3btOS4FFw1Yz9rUltSY6W2PjVWG9S0peCT8amCAqf99jpoRXnRFL7/A27khZz71Mr FEl99bz3y102f+f/RXp9vQDbr9pLBUcLeDRn9E7BB0kaPbGM8635O51rUJVQoFHduyhKDWcMtSqHAd9LageHihi9gGmDFS3BZ0zrp6cvAzGmhbTgV0pb9WdHw0rlVmYfK9ezu99ya/FtuWmNxnDWyMjVCJTYPFbWiweL1WuhcWhCoVgFwYWWYlYolt1xgWF4nmPDtp/Tf4OJwwIYD9uFN7/Rsa8cu2ScvyAFh5IickvdkTCZERDvR6+htNIz3YhYfxyeb0jjaap6TXyIefQUHQ8kT</latexit>

Pprior / exp
h
� (f � ffid) C�1 (f � ffid)

T
i

This will help with convergence of the reconstruction procedure, AND CLEAN 
UNPHYSICAL FEATURES



Reconstructed Gravity



Reconstructed Gravity

The theory prior suppresses correlations introduced by the cubic spline while retaining the 
correlations introduced by data 



Reconstructed Gravity



A closer look at ∑



How about the tensions?



How good are common parametrizations?

<latexit sha1_base64="lfhTAP+T0s2b6tIj7wUs+j5VSBg="></latexit>

µ = 1 + µ0
⇢DE

⇢tot(a)



The ongoing/upcoming generation of LSS observations will see a 
tremendous leap in sensitivity.

Future interferometers will allow us to fold in also complementary 
information from tensors.

Current cosmological data can already constrain 15 combined 
modes of gravity on large scales!

(Oversimplified) parametrization are prone to missing out on this.



Appendix
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Theoretical prior correlations


