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Very Local Hubble Flow:VLHF 

Hubble-Sandage paradox
How the observed spatial non uniformity of 

the galaxy distribution in the local volume 
may be compatible with the observed 

regular linear velocity field?

Local effect of Dark Energy

Scientific context

Chernin et al., A&A 415, 19-25 (2004)

Martinez-Vaquero et al., MNRAS, 397, 2070-2080 (2009)
Hoffmann et al., MNRAS, 386, 390-396 (2008)

Frascati, November 27th, 2015

Can the DE 
explain the 

LHF?

YES NO
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Interplay between DE and gravity
M. Merafina, G.S. Bisnovatiy-Kogan, M. Donnari 

A&A 568, A93 (2014)

Two main ingredients

Cosmological model: ΛCDM Φ = −Λc2

6
r2

Key parameter: Zero Gravity Radius Ftot = FG + FΛ = 0

RΛ =

�
3M

8πρΛ

�1/3

� 11

�
M

1015M⊙

�1/3

Mpc

Previous theoretical work

Local effect of Dark Energy

Scientific context
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Look at the observations

Karachentsev&Nasonova MNRAS 405, 1075 (2010)

Chernin et al. A&A 520, A104 (2010)

Sample: 57 galaxies 

RΛ = (1− 1.3) Mpc

Zero Gravity Radius

Local Group Virgo Cluster

Sample: 761 galaxies (HST)

Zero Gravity Radius

RΛ = (9− 11) Mpc

Frascati, November 27th, 2015
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Can Dark Energy have dynamical effects on 

a single galaxy cluster, acting on the 

dynamics of its galaxies?

Look at the simulations...

Local effect of Dark Energy

Frascati, November 27th, 2015
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Simulations forecasted

Hermite’s N-body integrator 
running on Graphic Processing 

Units

HiGPUs code Cosmological simulation

Hydrodynamical simulation

Direct N-body simulation

X
X

R. Capuzzo-Dolcetta et al. JPC, 236, 580 (2013)

4 simulations
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Units
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Simulations forecasted

Hermite’s N-body integrator 
running on Graphic Processing 

Units

HiGPUs code Cosmological simulation

Hydrodynamical simulation

Direct N-body simulation

X
X

R. Capuzzo-Dolcetta et al. JPC, 236, 580 (2013)

4 simulations

Isolated cluster: only gravitational interaction

Switch on DE: repulsive central force

ρΛ =
Λc2

8πG
Dark Energy

Switch on DE
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4 simulations

Isolated cluster: only gravitational interaction

Switch on DE: repulsive central force

Switch on gas: additional central force

β model

Switch on Gas

ρβ(r) = ρ0

�
1 +

�
r

rc

�2
�−3β/2

A. Cavaliere, R. Fusco Femiano A&A 49, 137 (1976)

Simulations forecasted

Hermite’s N-body integrator 
running on Graphic Processing 

Units

HiGPUs code Cosmological simulation

Hydrodynamical simulation

Direct N-body simulation

X
X

R. Capuzzo-Dolcetta et al. JPC, 236, 580 (2013)
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4 simulations

Isolated cluster: only gravitational interaction

Switch on DE: repulsive central force

Switch on gas: additional central force

β model

Switch on Gas

ρβ(r) = ρ0

�
1 +

�
r

rc

�2
�−3β/2

A. Cavaliere, R. Fusco Femiano A&A 49, 137 (1976)

ρΛ =
Λc2

8πG
Dark Energy

Switch on DE

Switch on both DE+Gas

Simulations forecasted

Hermite’s N-body integrator 
running on Graphic Processing 

Units

HiGPUs code Cosmological simulation

Hydrodynamical simulation

Direct N-body simulation

X
X

R. Capuzzo-Dolcetta et al. JPC, 236, 580 (2013)
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(*) M. Girardi et al., ApJ 505, 74 (1998)

For simulations 
with gas

Mgas = 4.7× 1012M⊙
Mgas

Mclus
� 5%

Simulations forecasted

Cluster

Mclus = 9.2× 1013M⊙

RΛ � 4.8Mpc

ρr = ρ0

�
1 +

�
r

rc

�2
�−α

rc � 100kpc

*

Frascati, November 27th, 2015
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S. Schinlder, H. Bohringer, A&A 269, 83 (1993)

[...] This neglect is a good approximation for cluster 
where the mass fraction of the gas is only 5-20% of the 

total cluster mass [...]

Mgas

Mclus
� 5%

Simulations forecasted

Cluster

Mclus = 9.2× 1013M⊙

RΛ � 4.8Mpc

ρr = ρ0

�
1 +

�
r

rc

�2
�−α

rc � 100kpc

*

(*) M. Girardi et al., ApJ 505, 74 (1998)
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(*) A. V. Tutukov et al., ARep 51, 435 (2007)

Simulations forecasted

Galaxies

Ngal = 241

0.2 < γ < 1.74

9× 1010 < Mgal(M⊙) < 1012

f(Mgal) = kM−1
gal

*

ρ(r) = ρb

�
r

rb

�−γ �
1 +

r

rb

�γ−4

70% of galaxies have N > 2500 starsNstars > 106

Frascati, November 27th, 2015
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Trajectory of CoM

Dark
Dark+Gas
No-Dark
Gas

Gal N°7

Gal N°68

Gal N°83Visible VLHF for 3 

galaxies out of ZGR 

(blu and black lines)

Gas doesn’t affect the 

external dynamics of 
the cluster (grey and 

red lines)

RΛ � 4.8Mpc

Frascati, November 27th, 2015
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Trajectory of CoM

Dark
Dark+Gas
No-Dark
Gas

Discrepancy visible 

only for the galaxies 
closer to the center 
of the cluster 

Gal N°7

Gal N°68

Gal N°83Visible VLHF for 3 

galaxies out of ZGR 

(blu and black lines)

Gas doesn’t affect the 

external dynamics of 
the cluster (grey and 

red lines)

RΛ � 4.8Mpc
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Hubble diagrams

ZGR
T=0 Gyr
T=3-3.5 Gyr+
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Hubble diagrams

ZGR
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Hubble diagrams: single particle simulations

High resolution 
simulations 

Several months to reach an 
Hubble time

Possible solution Simulation with single particles

Frascati, November 27th, 2015
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Hubble diagrams: single particle simulations

High resolution 
simulations 

Several months to reach an 
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Hubble diagrams: single particle simulations

High resolution 
simulations 

Several months to reach an 
Hubble time

Possible solution Simulation with single particles
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Hubble diagrams: single particle simulations
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Hubble diagrams: single particle simulations
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Hubble diagrams: single particle simulations
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Hubble diagrams: single particle simulations

82% < Hloc/H0 < 104 %

T~18 Gyr   Rmax~35 Mpc

T~13.5 Gyr   Rmax~25 Mpc

T~30 Gyr   Rmax~50 Mpc

59% < Hloc/H0 < 89 %

45% < Hloc/H0 < 96 %

Cosmic variance of the local Hubble flow 5

observers log10 Mhalo[h
−1M"] µ50[%] σ50[%] µ75[%] σ75[%] µ150[%] σ150[%]

random in space > 13 0.7 3.3 0.3 2.1 0.0 0.9
random in haloes > 13 -1.7 4.0 -0.8 2.4 -0.2 0.9
centres of voids > 13 2.5 2.5 1.0 1.8 0.1 0.9
random in haloes (12, 13) -0.6 3.3 -0.3 2.1 0.0 0.9
random in space no haloes/linear model 0.0 3.5 0.0 2.2 0.0 0.9

random in haloes/halo rest frame > 13 -3.9 4.7 -1.9 2.7 -0.4 1.0

Table 1. Mean µ and scatter σ of the relative difference between the local and global expansion rates, i.e. µ = 〈Hloc/H0 − 1〉 and
σ = 〈(Hloc/H0 − 1 − µ)2〉1/2. The first and second columns describe the selection of observers and the mass range of the haloes used
in the calculation. The remaining columns list the mean and the scatter of (Hloc − H0)/H0 for rmax of 50h−1Mpc, 75h−1Mpc and
150h−1Mpc, respectively.
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Figure 2. Probability distribution of the local Hubble parameter
Hloc within the radius rmax, as measured by observers randomly
distributed in DM haloes from the 6h−1Gpc simulation box (red
shaded contours), and compared to those for the case with ob-
servers randomly distributed in space (blue dashed contours). For
each case, the contours show the 68.3, 95.4 and 99.7 per cent con-
fidence intervals, whereas the red solid and blue dotted lines show
the mean values.

to occupy overdense regions and thus their measurement of
the Hubble constant is mostly affected by large scale infall.

Fig. 2 shows the confidence intervals for the local Hub-
ble parameter as measured by observers located in randomly
selected DM haloes with masses Mhalo > 1013h−1M" in the
6h−1Gpc simulation (red shaded contours). The same min-
imum mass of 1013h−1M" is assumed for haloes used in fit-
ting the linear Hubble relation. These results are compared
to the previous case for observers randomly distributed
space (blue dashed contours corresponding to the red shaded
contours in Fig. 1).

For scales rmax ∼< 70h−1Mpc, the distribution of de-
viations of Hloc from H0 differs significantly from that of
the case with observers randomly distributed in space. At
these scales, the probability distribution of Hloc is skewed
towards smaller values and the mean local Hubble param-
eter is less than H0. This is due to the fact that observers
populate preferentially overdense, infall-dominated regions.
The size of the scatter at rmax = 75h−1Mpc is comparable
to that for observers randomly distributed in space, but the
confidence intervals are shifted towards smaller values by 20
per cent of their size. When compared to Fig. 1, it appears
that the selection of observers by haloes has a significantly
larger effect on the probability distribution of Hloc than the
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Figure 3. Probability distribution of the local Hubble parameter
Hloc within the radius rmax, as measured by observers located in
the centres of voids found in the 6h−1Gpc simulation box (red
shaded contours), and compared to those for the case with ob-
servers randomly distributed in space (blue dashed contours). For
each case, the contours show the 68.3, 95.4 and 99.7 per cent
confidence intervals, whereas the red solid and blue dotted lines
show the mean values. The black dash-dotted line shows instead
the mean values obtained when only the centres of the 10 largest
voids (in terms of the size) are used.

corrections due to non-linear evolution effects for observers
randomly distributed in space.

4.3 Observers in the centres of voids

The motivation for considering the centres of voids as the
locations for the observers comes from observations of SNIa.
The Hubble constant appears to be slightly larger at small
compared to large distances (Zehavi et al. 1998; Jha et al.
2007). This trend of the Hubble parameter with the dis-
tance, referred to as the Hubble bubble, is statistically sig-
nificant and is commonly ascribed to a local void. The loca-
tion of the Local Group in a void leads to another choice of
the prior probability p(observer): observers located in voids.
Here we consider a rather extreme possibility and locate the
observers in the centres of voids.

We use voids from the 6h−1Gpc simulation that are
identified as regions devoid of haloes with masses Mhalo >
1014h−1M". The total number of voids is of the same order
of magnitude as the adopted number of observers, i.e. 105.
Fig. 3 shows the confidence intervals of the resulting proba-
bility distribution of Hloc as a function of rmax (red shaded

Wojtak +, 2014

H0 ~ 67.3 km/s/Mpc Planck 2013

]
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Could we follow the formation of a central massive structure?
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Carried out 4 simulations of one cluster
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Conclusions

We found relevant differences 
when the DE is considered

We reproduced the 
hubble flow

Studied the dynamics of inner and outer galaxies
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Carried out 4 simulations of one cluster
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What’s next

-) Investigate density profile
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-) How do Mass and ZGR change ?

Study the global properties of the cluster

Possible merging

properties of the 
merging products 
(mass, density profile)
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Carry out these and other simulations over an Hubble time
-) To build a reliable statistic with 

different IC of the clusters
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Thank you for your attention
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