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Teaser: Alignments of Galaxy and VLBI Jet Position Angles 

Jet PA

ΔPA = Jet PA - minor axis PA

Minor axis PA 
of host galaxy 
orientation

PAs are referenced 
from this angle

1 mas
1.5 pc

Fernandez Gil, Hodgson, BL, et al.  
(Nature Astronomy in press) 

● Is there a preferred orientation between 
the position angle of the optical galaxy and 
the direction of the VLBI jet?  

● VLBI catalogue: Astrogeo 

● Optical shapes: DESI Legacy Survey 
(and others) 

● Found weak but significant alignment 

https://www.nature.com/articles/s41550-024-02407-4.epdf?sharing_token=sH023rtEayVaf2uhWYZZedRgN0jAjWel9jnR3ZoTv0P5Lh85sXtfAhk8VCVoGb4dXt7kb59RNeWaog5ktF2qXmGBuymmd7TLLUA7uy6fUrdssGFYIOjZ4lP051hCATFPImfoI_6wQ-Icz6OnVz03aZQ8pd0C0r2u4Mqtojrzw3Q=


The concordance model of cosmology 

● Flat Universe dominated by dark energy & dark matter 

● Concordance: CMB, BAO, SNIa 

● But… tensions

The large scale structure hold valuable information

Image Credit:  
Science/AAAS
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Model-independent Methods 

Less straightforward; overfitting problem 

Less constraining power 

More flexibility 

No bias towards any model 

Can detect unexpected features in the data 

   Gaussian Process, Iterative Smoothing, Crossing Statistics, …

Model-dependent Methods 

Widely used; more straightforward (model-fitting), “easier” 

More constraining power 

Bias towards the (assumed) model 

    MCMC, Nested sampling

Advanced Statistical Methods

VS.

Both approaches can and should be used together



How to test the FLRW metric and the curvature? 

Clarkson et al. (2008): in an FLRW universe: 

𝒪k(z) = (h(z)𝒟′￼(z))2 − 1
𝒟2(z)

≡ Ωk,0

Independent  of the form 
of dark energy!

Shafieloo & Clarkson (2008) 
BL & Shafieloo (2017) 
Shafieloo, BL, Starobinsky (2018)

Om diagnostics (Sahni et al. 2008) in 

a flat CDM universe: Λ

Om(z) =
h2(z) − 1

(1 + z)3 − 1
≡ Ωm,0



How to test the FLRW metric and the curvature? 

BAO:   

SNIa: 
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Forecast: LSST SNIa + DESI 5Y BAO 

h2(z) = Ωm,0(1 + z)3 + Ωk,0(1 + z)2 + (1 − Ωm,0 − Ωk,0) fX(z)

fX(z) = exp (3∫
z

0

1 + w(z)
1 + z

dz)

1
3 ln(10) [1 − tanh (log10(1 + z))]

BL+ [2407.07847]

Li & Shafieloo (2019)



Forecast: LSST SNIa + DESI 5Y BAO 

BAO:  DESI 5-Year forecast [1611.00036]

SNIa: LSST forecast Mitra et al. 2024



Direct reconstruction of the Expansion History: 

Iterative Smoothing 

Shafieloo et al. (2006), Shafieloo (2007) 
BL & Shafieloo (2017)

Independent of the initial 
guess!

Initial Condition 

μ0(z)

Initial Condition 

μ0(z)

Initial Condition 

μ0(z)

Data μi

Residuals δμ Kernel W(z)

Shafieloo, BL, Starobinsky (2018)

Smooth function 

̂μ(z)



Forecast: LSST SNIa + DESI 5Y BAO 

BL+ [2407.07847]



Forecast: LSST SNIa + DESI 5Y BAO 

BL+ [2407.07847]

All three methods can recover the fiducial 
values of c/H0rd

H0rd

c
=

𝒟(z)
dM(z)

=
𝒟′￼(z)
dH(z)

Flat universe: 
𝒟′￼= 1/h



Forecast: LSST SNIa + DESI 5Y BAO

BL+ [2407.07847]

Recover the fiducial values of  and Θ Ωk,0

Θ(z) = h(z)𝒟′￼(z) =
dM(z)/rd

dH(z)/rd

𝒟′￼(z)
𝒟(z)

= 1 + Ωk,0𝒟2(z)

BAO
SNIa

𝒪k(z) =
Θ2(z) − 1

𝒟2(z)



● LSST SNIa:  

● Allow for accurate reconstruction of the expansion history regardless of DE 

● Combination with DESI Y5 BAO: DE-independent  

● measurement of   

● Test of the FLRW metric 

● Measurement of the curvature parameter 

H0rd

Ωk0

Summary
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