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The “local” value of H, is obtained from low
redshift supernovae (SN): 72.24
The “large scale” Hyvalue from CMB: 66.93
H, is constrained by CMB mainly through the
distance to the last scattering
They are quite different..
Why?
Could it be the effect of a local inhomogeneity?




Evidence for a ~300 Megaparsec Scale Under-density in the Local
Galaxy Distribution, Keenan et all, Astrophys.J. 775 (2013) 62

ty Contrast ( <p>/p,)

Dens

= @ This Stuedy: UKIDSS ALL -
= T E @ This Study: Subregicon 1 -
! — i This Study: Subregion 2 -
5 E O This Study: Subreglﬂn = e
= - This Stwdy: —
= L= E E This Stwedy: 2M-l—+ —
= — -
— = —
- s E- N
e — -
] = —
o A i -
L = i -
-_— — -
> = —]
— 3 E -
e —
e — — ] i i 1]
L
— = = T = - e T v v v T - - - - —
> =
= m Cole+ 2001 -
- 7 E o+ Ben+ zoos 7 -
T — = Feulmnaer-s 0005 =]
f— — v Huang-+ 2003 —
(] = Eke4 Z0O0O5 =
] 5 E & Jones+ 2005 -
— — m Deverseux-4+ 20609 f= -1 —
— = == -
— S Smith+ 2009 [x 7]
— Hill4+= 207140
E “+ Branchini+ ZO12 - |
i — 3 FHesman—+ 20712 & |
e — - iLawau= -+ 2071 ZhA 4, B 135 35‘-% v ]
I = [ . . : This Study (ZM-+ -+, K,<14.36) & |
e - Thi=s Study {GAI\.-IA bl ?-"j -
= - Thi=s= Stud UHEIDSS " S0O5S K=o 1 L
= W - |
= i a M a i 1] —
(] 3 SO0 SO0

Comoving Distance (h7a Mpc)



SN angular distribution
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40% of Cepheids used for SN calibration are inside Field 3, direction along which
Keenan found a significant radial inhomogeneity



Standard estimation of the effects of inhomogeneities on H,,

. L. "I"u_rm:r_. R. Cen and J. P, Ostriker, ApJ 103 | MMay 1992

a = ap(l — €} = ay + da di pa) = dpa® + 3paida = 0.
i iy, _ 1
ﬁ_ﬁ_p__:_:.ﬁ_r:_ﬂ{ H—E—E— = Hy — 56 = Hy + AH .
i ¥
iy
Bit) = Al(x)D(t) e =
AH = —#5
3
Al l;ﬁ
Hy 37
1 D




Do we really measure the scale factor

directly?
No... we measure the luminosity distance
v(z) = ”rw‘_}msk (fﬁﬁrn [ * %) Dalz) = [fi] , Di(z) = (14 2)x(2)

So we should compute the effects of
Inhomogeneities on D(z) not on a(t)!



Perturbative effects effects of inhomogeneities on D(z)

In the Newton gauge ﬁ'.l'a l—“ + M ]rﬂl} -+ [I — E"’-‘]I ,Jr.f:r' dr’ I

linear perturbations calculations give, (Phys.Rev. D85 (2012) 029901)
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Dominating effects : covergence and Dopple
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The monopole of the effect on v depends on , as expected from Newtonian physics
: , | _ 10
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Low red-shift approximations : a local modification of Hubble law
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Da(z) = Di(z) = Dr(z) |1+ 5 f32)

* The effect is negligible far from the homogeneity because of the volume average
* Alocal inhomogeneity affects the local estimation but not the large scale value of H,



Effects of local estimation of the Hubble parameter
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The effect can be quite different from the the formula used before based on the scale fact a(t)
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What kind void could resolve the apparent Hubble tension?

=0, ud 0, = AH 20

volume averaged density contrast 0 = =007

* This value is in agreement with Keenan’s analysis

* The void should extend beyond 2M++ depth, explaining why red-
shift correction applied by Riess did not remove its effect

* This kind of inhomogeneity are found in LCDM simulations



Effects for non compensated void
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Effects for compensated void
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SN red-shift correction
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But 2M++ depth is only 0.06 ...



Velocity profile inside a void
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Reconstructing the high red-shift structure of the Universe
with Supernovae
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* This method opens a unigue window at high red-shift large scale structure
* |t can detect dark matter presence up to a red-shift 1.5 with Euclid



Anisotropy of local structure

The Universe is not homogeneous on small scales, and assuming it
is while it is not produces miss estimations of background
cosmological parameters .. such as

In the case of SN, there is an additional directional dependence
due to the fact that their angular distribution is not uniform
Keenan’s results show that the radial density profile is not the
same in all directions

We have applied the inversion method to reconstruct
independently the density profiles from SN data, confirming the
anisotropy detected by Kenan using luminosity density
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Inversion method including non perturbative effects
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How good is the improved inversion for non linear structures?

o

0.8
Improved inversion Solid

line

0.6
0.4

0.2 . . .
Linear inversion

o1 0.02 0.03 .04 0.05 0.06 0.07 Dashed line

—0.2

—0.4

—0.6

—0.02

—0.04

—0.06

—0.08




Smoothing the input functions

* The inversion requires to differentiate the luminosity distance, and smooth functions are preferable
* |n order to avoid any bias we make model independent fits of the distance modulus using radial basis
functions (RBF) for the function f(z) defined
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*  We fit wy, wy, the centers p,,,, and the number of subintervals Ny; .
* A homogeneous model corresponds to al the parameters equal to zero.



Directional radial profiles reconstruction

* We divide SN in different sets, corresponding to Keenan’s angular sub regions 1,2 3
* For we reconstruct the and compare it to Keenan and 2M++
* In the directions where there are enough data point we confirm Keenan'’s results and that
to detect these inhomogeneities
* If SN were red-shift corrected with our reconstructed density/velocity profiles the
, as anticipated by previous theoretical predictions

* Thereis I There is just a local structure that galaxy catalogs have not detected
due to their limited depth
could provide both in terms of new and more

accurate SN luminosity distance observations and number counts



Results for subregions 1 and 3
For F1, the best fitting model we get without removing any outlier and with z,,,,,. = 0.2, 18

(1.0, 1) model with H e ~ 72.90+0.51 ks~ -.'"LI-[]'I.:_J

e Subregion 3
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Field 3 reconstruction, zmax=0.4
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Figure 10 Distance maodulus best fit models are ploted for F3 owith =, 4. = 0020 withouwut peculiar velocity

corrections and with a 250 km s ! velocity dispersion for SNe. The model parameters and the removed data
points are shown in the sub-captions,. {a. b, o) Standard candles distance modolus data are plotted with their
bBest it (black), 68% (grayv) and 95% (light gray) confidence bands according to the method of section 2, The
imvertible bands are shown as the shaded region (6E8% -darker color, 95% -lighiter color). while the remoswved
cutliers are shown as darker data points. Case (¢} is preferred. (d): The confidence bands of the inverted
density contrast cormresponding 1o the invertible bands of the distance modulus are shown (62 %-darker color,
a5 -lighter color). The data points of A 13 are plotted in orange,. the ZMMe++ density contrast averaged over
F3 as a solid black curve, and the dashed red line is for density contrast that would lead to a local Hublble
parameter M7 = HEFH% assuming a large scale HS = HEF'"™*¥%  The bands are color coded case by case

with red (a), green (bl blue ().



Field 3 reconstruction, zmax=0.4
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Figure 11. Iistance muodulus best fit meoedels are plotted for B3 owith = 4. — 4, withowut peculiar welocity
corrections and with & 250 km s — ' velocity dispersion for SMNe., The model parameters and the removed data
points are shown in the sub-captions,. {(a. b, ¢): Standard candles discance modnlas data are plotted with their
bBest fit (hlack), GEZ (gray) and 25% (light gray) confidence bands according to the method of section 3. The
invertible bands are shown as the shaded region (GRS -darker color, 95 % -lighter color). while the remuowved
cutliers are shown as darker data points. Case (c) is preferred. (d): The confidence bands of the inverted
density contrast corresponding to the imvertible bands of the distance modulus are shown (689 -darker color,
s -lighter color). The data points of 213 are plotted in orange. the 244+ density contrast averaged owver
F3 as a solid black curve. and the dashed red line is for density contrast that wouald lead to a local Hubble
parameter &7 = H V9 assuming a large scale HI5 = HE'=mek The bands are color coded case by case
with red (a)., green (b blue ().



Field 1 reconstruction, zmax=0.2
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Figure 12, The confidence bands of the inverted density contrast for the standard candles distance modulas
data without peculiar velocity corrections and with a 250 km s~ ! velocity dispersion for SNe are shown (689
darker color. 95%-lighter color). The model parameters and the cuts of the dataset are shown in the sub-
captions. In addition the data points of 13 are plotted in orange for F3 and green for Fl1, the 2hM4++ density
contrast averaged over the subregion specificd in the sub-captions as a solid black cuarve, its rescaled version
by a factor of 0.6 according to X713 as a dashed black curve, and the dashed red line is for density contrast that
would lead 1o a local Hubble parameter FIL° = AV assuming a large scale 45 = Frjite=ck



Field 1 reconstruction, zmax=0.4
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Figure 15, Iistance meosdulus best G myodels are plotted for F3 owithh =00 — o, wwithowut preculiar weloscity

corrections and without velocioy dispersion. The model parameters and the removed data points are showsm im
thie sub-captions. (2, bl Standard candles distance modulus data are ploteed with their best fir (black), 8%
(grayw ) and 955 (light grayv) confidence bands according to the meethod of section 3. The invertible bands are
shown as the shaded region (68% -darker color, @5% -lighter coalor), while the removed oatliers are shown as
darker data point=s. Case (b)) is preferred. (c): The confidence bands of the inverted density contrast correspomnd -
imng tor the invertible bands of the discance modualus are shown (2% -darker color, 95 % <-lighter colory. The data
points of A0 13 are plotted in orange. the 20 4+ 4+ density contrast averaged over F3 as a solid bBlack curve, and
the dashed red line is for density contrast that swould lead o a local Hubble parameter &0 — H.,_':,ﬁ'"“’“‘ ASSLITIILILES
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Conclusions

The reconstruction is in agreement with Kenan at low redshift

Further evidence of anisotropy

More data will make it possible to reconstruct the density in other directions such as F3

A more general reconstruction method can be developed

SN provide a unigue window on high red-shift large scale structure, in particular on dark matter,
because gravitational effects are the same for DM and baryonic matter, but at high red-shift
selection effects make baryonic matter observations more difficult

The reconstruction gives the with respect to the average density of the
Universe for galaxy surveys such as 2M++, which are limited by their depth



























