tions are converging...

..to an unexpected universe



/// /Classifying the unknown, 1

Cosmological constant
Dark energy w=const
Dark energy w=w(z)
quintessence
scalar-tensor models
coupled quintessence
mass varying neutrinos
k-essence

Chaplygin gas

10. Cardassian

11. quartessence

12.  quiessence

13. phantoms

14. f(R)

15.  Gauss-Bonnet

16. anisotropic dark energy
17.  brane dark energy

18. backreaction

19.  void models

20. degravitation

21. TeVeS

22.  oops....did I forget your model?

©ONDUIAWN R
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* Classifying the unknown, 3

Standard cosmology:
GR gravitational equations + symmetries

a) change the equations
i.e. add new matter field (DE) or modify gravity (MG)

b) change the symmetries

i.e. inhomogeneous non-linear effects, void models, etc

Bertinoro 2011



/ implest MG (I): DGP

(Dvali, Gabadadze, Porrati 2000)

S= d°xyJ—g® R® + LJ’d“xHR

2 H 871G
L 3
5D Minkowski
brane bulk:
L. = crossover SCEllE: infinite volume
1 extra dimension
r<<L[1V [Ll—
r gravity
1
P> 0OV D—2 leakage
r

* 5D gravity dominates at low energy/late times/large scales
* 4D gravity recovered at high energy/early times/small scales



Simplest MG (II): f(R)

The simplest MG in 4D: f(R)

J'dx‘\/E[ f(R)+ L, uer

eg higher order corrections J'd x*/g (R + R +R* +)

v f(R) models are simple and self-contained (no need of

potentials)
v’ easy to produce acceleration (first inflationary model)
v’ high-energy corrections to gravity likely to introduce higher-

order terms
v’ particular case of scalar-tensor and extra-dimensional theory

Bertinoro 2011



Faces of the same physics

0rYyslcs

Idx“\/g flo.R)+L,,..]

Scalar-tensor gravity
Bertinoro 2011



5 this already ruled out by

local gravity?
Jdx* Vg (F(R)+ Ly )

is a scalar-tensor theory with Brans-Dicke
parameter ®»=0 or
a coupled dark energy model with coupling =1/2

107 T
* 2 ~myr 2 _—r/ 0 g
= ")=GA+[e ) i :
G =G(1+pS°e =G(1+ fB°e 05 B
104 -
e o e N e
2 1 B v T g
m I:l —_ = Ry : 2 extra |
¢ f n = 0 S d'Lat(’;/dimensions
o0 EoZZIEEDE e :x%:: Iyvine_|
10—1 | Edt-Wash i i
goal e |
10_2 I :en : .
B 1 e : S Current Edt-Wash
107 : [ I 7
‘]0‘4 1 |: ol : :a}d?ﬁ\;‘?‘ :ﬁ\ 1
108 2 o] 10 2 b 107 2 o)
Almeters)

Bertinoro 2011
Adelberger et al. 2005



the fourfold way out of local

constraints

G =G(1+ ™)

depend on local density
depend on species

depend on time
m(ﬂ , ﬂ depend on space

Bertinoro 2011



4
4 32 _ H Turner, Carroll, Capozziello
Id X /g —+ L etc. 2003

R matter

In Einstein Frame 8., =(f)"g,

q';_?_[?')[ V(Pe)—_gﬁp fRf f'

oh n+§r315nf’"‘—“_—@7fﬁcqom psl

ﬁ — 1 / 2 ...a particular case of

coupled dark energy

Bertinoro 2011



¢+3HQ+V(9y=——fp,
J3

2

P, +3Hp, == Bep,

8rr
H2=?(pm+p¢,)

B=1/2
Q,=1/9

1/2

mat

\

MDE _field

In Jordan frame: (= t

Caution:

Plots in the

- -I5 _l.i. -Iﬂ -Ii -I_'I_ 0 ) )
@ead of a=t>" ,D- - Einstein frame!




" model

+ matter
R

05 ¢
04|
< 03}

02}
~ ¢1/2
a~ t in the Matter Era ! 011l

© cdz [ dz
| - B
w H(2) 3 H(2) e C

1000 { “ b e

9] 0.5 1 1.5 2 2.5 3
Iy

Bertinoro 2011 L.A., D. Polarski, S. Tsujikawa, PRL 98, 131302,

astro-ph/0603173



A recipe to modify gravity

Can we find f(R) models that work?

Bertinoro 2011



LGC+Cosmology

Take for instance the ACDM clone
f(R)=(R"-N)

Applying the criteria of
LGC and background cosmology

axb=1+10~*

i.e. ACDM to an incredible precision

Bertinoro 2011



The most general (linear, scalar) metric at first-order
ds® =a’[(1+2W)dt* —(1+2®)(dx* +dy’ +dz°)]

Full metric reconstruction
at first order requires 3 functions

H(z) ®(k,z) W(K,2)

Bertinoro 2011

background

perturbations




At linear order we can write:

" Poisson equation

" zero anisotropic stress

Bertinoro 2011



At linear order we can write:

" modified Poisson equation Q (k , Cl)

" non-zero anisotropic stress ,7 (ka Cl)

Bertinoro 2011



ified Gravity at the
linear level

Q(k,a) =1
" standard gravity n(k,a)=0

Q(a) = G~ 2(F+F") Boisseau et al. 2000
® gcalar-tensor models FG,,, 2F +3F" Acquaviva et al. 2004
2 Schimd et al. 2004

n(a)= F L.A., Kunz &Sapone 2007
F +F12

k* k*
" f(R) G 1+4m R Mg Bean et al. 2006
Qla)=—— 2 M@=——— 73 Huetal. 2006
«av.0 1+3m 7R 1+2m R Tsujikawa 2007

Q(a) =1—$; B =1+2Hr wy,

Lue et al. 2004;

2
nia=—— Koyama et al. 2006
38-1

" COUPIEd Gauss-Bonnet Q(a) = .. see L. A., C. Charmousis,
n(a)=... S. Davis 2006

Bertinoro 2011




massive particles respond to W

massless particles respond to ®-¥

Bertinoro 2011
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P =(1+Bu’)’P

redshift distortion parameter

IB — Kaiser 1987
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Weak lensing

background

sources
True Background Lensed Image
Observer ‘
Radial distances depend on Foreground mass distribution depends on
geometry of Universe growth/distribution of structure

Bertinoro 2011



5 unknown functions:

Observables:

b5 = V p ktransv
() 0'=3d'-[lv
B — 5' — /P(kradial) -1 2
5b P(ktransv) (Q/) '= _Q/ + H— LIJ

B, (k2) = [He' K(z)(®, -,)’

Conservation equations:

We can measure 3 combinations and we have 2 theoretical relations...

Theorem: lensing+galaxy clustering allows to measure all
(total matter) perturbation variables at first order
without assuming any specific gravity theory

Bertinoro 2011



id theore

b(k,z),0(k,z),0(k,z),W(k,z),P(k,2z)

From these we can derive the deviations from Einstein’s gravity:
2
4ntGa“” po
2
kW
_o+Y
P

Bertinoro 2011



utshell

> Simultaneous (i) visible imaging (ii) NIR photometry (iii) NIR spectroscopy
> 20,000 square degrees

> 100 million redshifts, 2 billion images
> Median redshiftz=1

> PSF FWHM ~0.18"

> Final ESA selection (launch 2017)

> 500 peoples, 10 countries

Wide Extragalactic ‘
20,000 deg?

Galactic Plane

Decp i " Euclid
‘ ~30 deg? ' satellite




Cambridge
University
Press
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imulations with DE

We assumed:
G:Go(“’ae—m) A o

However matter moves under the action of two potentials,
Newton’s potential and scalar field:

.:- ai -.EI- T ; f ¥ :_', — L _ I-:--I _ r T' 1
+ + T+ + O J&] +




For simplicity I only show linearized equations...



So the resulting potential on the j-th component is

G=G,1+a(p)e "]

where @ in general is given by the full
solution of the inhomogeneous Klein-Gordon eq.

...a long way to go



A ¥

NOREIINEarity:
JEforder perturbation theory

Linear Newtonian perturbations

A field initially Gaussian remains Gaussian:
the skewness S, is zero

< >
S, = 2 2=O
<O’ >







erturbations

A field initially Gaussian develops a non-Gaussianity:
the skewness S, is a constant value

53 — <&’ > _E (Peebles 1981)

<O’ >° 7

Independent of Q, of eq. of state, etc.: S, is a probe
of , not of cosmology



O+ (1 +S)v =0

CDM : vi+1+22 —2B@) +(vDl)v = —% (1 +

a4 _,
— [ kb
= s B)

—_— —

Baryons : ;'ﬂl +%)\: +(vl)v = —% Qb

the skewness S, is a constant

53 _ < 53 = — ﬁ (1 4+ O.Gﬁz ) (L.A. & C. Quercellini,

<o > 7 PRL 2004)

therefore S, is also a probe
of dark energy interaction



Real-time cosmology:
New Observables for Dark Energy

e SRS
Faraieates r




Sandage 1962

VOLUME 136 SEPTEMBER 1962 NUMBER 2 H (Zl ) H (Z ) )

THE CHANGE OF REDSHIFT AND APPARENT LUMINOSITY
OF GALAXIES DUE TO THE DECELERATION OF
SELECTED EXPANDING UNIVERSES

ALLAN SANDAGE
Mount Wilson and Palomar Observatories
Carnegie Institution of Washington, California Institute of Technology

(With an Appendix by G. C. McV1rTIE, University of Illinois Observatory, Urbana)
Received February 2, 1962; revised April 13, 1962

ABSTRACT
The redshift and apparent luminosity of any given galaxy are not constant with time for most models

of the expanding universe. Redshifts decrease with time because of the braking action of the gravitational Av —~ + 1 C m / S e C / e a r
field in all exploding models, except for the one where the matter density is zero. Apparent luminosities ™ —

decrease with time, except for the oscillating model in the contracting phase and for galaxies with very

large AN/ values, because the distances between galaxies are increasing Redshifts increase with time for
every galaxy in the steady-state model.

The theory and numerical results of the deceleration are presented for four selected world models.
For a galaxy with redshift 2 = AN/ = 0.4 at the present epoch, the change of redshift with time is fg
to be dez/dt = —11 X 107® km/sec year for the oscillating model in the expanding phase H
dez/dt = —5.9 X 1078 km/sec year for the Euclidean model; dez/dt = —4 3 X 1078 kmffsec year for
the hyperbolic model at go = 0 3516; and dez/dt = +92 X 1070 km /sec year for the steady-state model.
These all assume that H™ = 13 N 10° years at the present epoch With present optical techniques

IV. CONCLUSION

c t = o
versed. However, for the test to be useful, it would seem that a precision redshlft cata-
logue must be stored away for the order of 107 years before an answer can be found be-

obtain observational mformatlon from the universe because the apparent luminosities of
galaxies decrease with time. Indeed, if the oscillating case is excluded, there will be a
time in the very distant future when most galaxies will recede beyond the limit of easy
observation and when data for extragalactic astronomy must be collected from ancient
literature.



Loeb 1998

Direct Measurement of Cosmological Parameters from the Cosmic Deceleration
of Extragalactic Objects

Abraham Locb

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138
ABSTRACT

The redshift of all cosmological sources drifts by a systematic velocity of order
a few m s~ ! over a century due to the deceleration of the Universe. The specific
functional dependence of the predicted velocity shift on the source redshift can be
used to verify its cosmic origin, and to measure directly the values of cosmological
parameters, such as the density parameters ol matter and vacuum, yr and €24, and
the Hubble constant Hy. For example, an existing spectroscopic tochmquo which was

receptlas OTeA 11 planet searches, is capable of uncovermg ve ifts of this
magnitude. The cosmic deceleration signal might be marginally detectable thro,
two observations of ~ 10% quasars set a decade apart, with the HIRES instrument on
the Keck 10 meter telescope. The signal would appear as a global redshift chdnge in
, forest templates imprinted on the quasar spectra by the intergalag .
The deceleration ampltue SO re=torropie

Tic sky. Contamination of the
cosmic signal by peculiar accelerations or local effects is likely to be negligible.

Subject headings: cosmology: theory

astro-ph/9802122 vl 11 Feb 1998

»

submitted to Ap.J Letters, Feb. 10th, 1998

1v
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Real-time observables

A




Real-time Cosmology

Expansion anisotropy
rate

Gravity at galactic scales:
eg Newton vs MOND

Bertinoro 2011



The Sandage effect

H,At =107 (10yrs)

10 ¢ =30cm/sec

Redshift evolution as a test of dark energy 9

10 .y

1+Z:M 0/\

AZ -~ a(to + Ato) — a(tO) 3 . INTERACTING

DGP
at. +At.) af(t.)
S S S
Wia)
H (Z) =30 + AFFINE
HO Zg

Figure 2. The predicted velocity shift for the models explored in this work, compared to simulated data as expected from the CODEX

c experiment. The simulated data points and error bars are estimated from Eq. 6, assuming as a fiducial model the standard ACDM model.

The other curves are obtained assuming, for each non-standard dark energy model, the parameters which best fit current cosmological
— ~
Av=——| =1cm/sec
lyr

1+2 Corasaniti, Huterer, Melchiorri 2007
Balbi & Quercellini 2007

|
o]
=

Az=HAt,(1+z -

345
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EELT 2007/

-
@ o European ELT Science Case - Mozilla Firefox - |8 |X
File  Edit Wiew History Bookmarks Tools  Help

<E| - hd @ ﬁ} I: http: /fwww. eso.org/projects/e-elt/science. html |'| I>]

Q)

=

spires Earmv NADS Cunits [J412 * i [ foto EGRAE E\Neather Ui time [ GRra [ calculator
-

fitposta [ presenze Wwiki @ Bahel

"®UROPPAN SOUTHERN OBSERVATORY

‘ESO. Astronomy made,in Europe ° I+ 520 e M — o 4 *

. -
HOME | INDEX HELP | nEews | sEarcH | [N 0!

Last modified: 22,05.2007
ESO
- THE EUROPEAN ELT: SCIENCE CASE
PROJECTS _
VLTI BACKGROLIND
ALMA
E-ELT The science case for a S0-100m ELT has been developed by the ESO community under the
— FP& OPTICOM programme supported by the European Commission. The related documents
STATUS can be accessed from . This effort is now heing further pursued and extended to the
SCIENCE CASE still highly ambitious 20 to S0m range by the combined ESO-OPTICOM Science Warking
Group (1. Hook, Oxford University & M. Franx, Leiden University co-chairs). Three broad
DESIGN ; . . it ;
domains are in particular being investigated in depth:
GALLERY
UL AT 1. search and characterisation of exoplanets and proto-planetary systems;
2. formation and evolution of the large scale structure of our universe from the 1st
LINKS lights to present day;
ELT DESIGN STUDY 3. testing the frontiers of physics (strong gravity, variations of fundamental constants,
D structure of space-time, ...} =
INSTRUMENTATION
Dane

of physics can be tested and 1
extended: black-holes, dark

matter and dark energy have

been identified and explored
through astronomical
observations.

extremely precise (a few om/fs
absolute accuracy maintained
over more than 10 years)
radial velocities of
intergalactic gas clouds illuminated by distant quasars will permit to 'see’ directly the
cosmic acceleration of the universe. Similar ohservations will also test eventual var\atl 3
of fundamental physical constants linked to possible extra dimensions of the u

EXPOSURE TIME CALCULATOR FOR THE E-ELT

The current estimate of the performance of a 30-42m telescope is reflected in the
that serves as reference for the science cases.

D)




0 5x107° 107°

epoch 1 — epoch 2

—5x107°

CODEX at EELT

This amount is extremely small, and
brought Sandage (1962) to conclude that

— \ — = i
gm' g,« - {1,'2' gg — i" = 524”” e such a measurement was beyond our
B WIS imes i s T capabilities. Why do we think that this ex-
QM, 0, =03, 0.7 —> Ay = 2.8 cm s | . . . s
periment is possible now? For three

; l | ] reasons: (1) Extremely Large Telescopes
i | | | | ; | ] ] such as OWL should be capable of pro-
r | | | [ | i Po1 ” ‘ ] viding the huge number of photons
' ' I J 1. required. (2) In the last two decades our
capability of accurately measuring wave-
length shifts of astronomical socurces has
dramatically improved (Mayor et al. 2002).
| | | 1] (3) A suitable class of astronomical ob-
(1| 11! B jects for this measurement has been iden-
; ‘ | N ‘ \ ] tified: the Lya forest lines, which are
: : L 1. ' | extremely numerous and beautifully trace
4980 4980 5000 5020 5040 the cosmic expansion with negligible
Wavelength (&) peculiar motions (at least ten times small-
er than the Hubble flow).

Liske et al. 2008

/2 8
0:252350 30 g Big cm/s

OS/N HNgso H Cl+2z
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Cosmic Parallax

Sandage 0OSMiC
effect parallax
Peculiar Proper

acceleration acceleration

Bertinoro 2011



Cosmic Parallax

Celerier 2001

Alnes & Amarzguioi 2006,07
Bassett et al. 07

Clifton et al. 08

Notari et al. 2005-08

Marra et al. 08

Garcia-Bellido & Haugbolle 2008

—— — - [D=sl I GBH model

il e b baaa g

A I I el

1.00

edshif:

Garcia-Bellido & Haugbolle 2008

void model
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Lemaitre-Tolman-Bondi models

OR
® LTB metrics describe void models R = -
R'(t.r)]°
His 2<% Ui RGO 2 + R?(t, r)dQ?
1+ B(r)
®» Exact solution in a matter-dominated era
i ol ﬁRISS : g
R =(coshn — Uﬁ + Ryss |coshn + \/ 3R sinh 1

; 3Rise
/Bt = (sinhn — n) % + R |sinhn + \/a —gRl l (coshn.




LTB models

N
"sapgguunns®®

Bertinoro 2011

Alnes & Amarzguioi 2006

1000 2000 3000
‘..-----L'-Mﬂdg.l I
2.0F Model 11,
1.5} s
S : *
c .

1.0 e |

1000 2000 3000
I comoving NPC)
0”.
LTB void model R



Constraints on Void Models

* Large voids (> 1.5 Gpc) are in conflict with
® CMB blackbody spectrum
® Caldwell & Stebbins: 0711.3459 (PRL)
® Kinematic Sunyaev-Zeldovich effect from large clusters

® Garcia-Bellido & Haugbolle: 0807.1326 (JCAP)

® Sharp transitions could
be in conflict with SDSS

LRG or SNe distribution
(no excess at z = .3)

d,(lags) [Gpe]



Evolution

Rest of the Universe Rest of the Universe

Ptolemaic system, I century LTB void model, XXI century



Cosmic Parallax

A

ka2 g Ar=107
10~ rad = 200 Las

ﬁfﬂ" "';, 3 £ astrometric satellites
P 0 é\ at » GAIA, SIM, Jasmine etc:

center C observer O 1-100 pas

LTB void model Quercellini, Quartin & LA,

Phys. Rev. Lett. 2009

_ arXiv 0809.3675
Bertinoro 2011



Estimating the Cosmic Parallax

® Calculating the Cosmic Parallax require solving the full
LTB geodesic equations

» Simple, non-consistent estimate — flat FRW universe with
H(t) » H(t, 1)
= Assume 2 sources initially separated by AX & AE.

Xobs, AX
X X

Ay ~ At (Eﬂ,bs —EX) — kcos@&@ + sin  ——

distance to the

void center physical” distance

18



Results

Actual effect — need to solve the L'TB geodesic egs.
Agy in 10 yrs for a pair of quasars at z=1 (typical for Gaia)

Modell —
Model II ---

Estimate ...

20




Gaia: Complete, Faint, Accurate

Hipparcos Gaia
Magnitude limit 12 20 mag
Completeness 7.3-9.0 20 mag
Bright limit 0 6 mag
Number of objects 120 000 26 millionto V =15
250 millionto V = 18
1000 millionto V = 20
Effective distance 1 kpc 50 kpc
Quasars None 5x 10°
Galaxies None 10° — 10’
Accuracy 1 milliarcsec 7 parcsec atV =10
10-25 parcsec at vV = 15
300 parcsec at VvV = 20
Photometry 2-colour (B and V) Low-res. spectrato V = 20
Radial velocity None 15 km/stoV = 16-17
Observing Pre-selected Complete and unbiased

Bertinoro 2011



Cosmic Parallax with Gaia

SNe — off-center distance X <150 Mpc.  Alnes & Armazguioui
astro-ph/0607334

CMB dipole — ofi-center dist. X, <15 Mpc. astro-ph/0610331

Assuming:
= X,=15Mpc( (aggressive);
" Astrometric precision of 30 pas;
® Nominal Gaia duration (At =5 years)
Gaia can detect the Cosmic Parallax at 1o if

¥ sources > 450,000 ((conservative)

P



Noise and Sistematics

" Most obvious source of noise — peculiar velocities

1
() D 4 At
YNt e Lo
g 500 kéﬂ (1 Gpc) (10 years) iy

® Most serious source of noise —> changing aberration due
to acceleration of the solar system

Gaia predicts = 4 npas effect, of
which 90% could be subtracted
— 0.4 pas spurious dipole

Kovalevsky 2003
' 23



Bianchi I

Not only LTB
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Current limits from CMB

AH

— -4
R=——<10 at z = 1000

H

AH

——<10 at z = 0 in a ACDM universe
H
AH
? <? at z = 0 in anisotropic dark energy

Bertinoro 2011



Anisotropic dark energy

Mota & Koivisto 2008

T;LDE}H

= diag(—1,w,w + 34, w + 3v)ppE,

(a/a — IE};'E b)/H

(a/a—c¢fe)/H

X,

2

r T Ey 3
X, —%,.
3.0
_________ 2.5
2.0
1.5
1.0
P
0.5
I
0.0

Log(abc)
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Peculiar Acceleration

Sandage Cosmic
effect parallax

Peculiar Proper
acceleration /acceleration

Bertinoro 2011




Peculiar Acceleration

The PA is a direct probe of the
gravitational potential: it

does not assume virialization or
hydrostatic equilibrium.

Bertinoro 2011



Peculiar Acceleration

5CpC
Prew (1) = , n=r/c
r r
S N O S
B
- Hog(1+ ) ) H
s(8)=0v =02 " Hin B X N
] sec ] 10yr10 M 5Mpc D(r/r) r( r)%
5 rs D =R.0/cos B
Mass r,
Andromeda 104 20 kpc
Virgo 1.2x10' 0.55 Mpc
Coma 1.2x10" 0.29 Mpc
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Peculiar Acceleration

. : Hog(1+ Do,
s(B)=av=2 T Bin g D _ 7
[] sec] lOyr 10 M 5Mpc (r/r) L(1+L)
rS rS E
Coma
Virgo 2
14 ' | |
B '
5 R
0

different

lines of sight

L.A., A. Balbi, C. Quercellini,
astro-ph arXiv/0708.1132

Phys.Lett.B660:81,2008
Bertinoro 2011



PA versus Sandage effect

Cluster
3 L
2 L
o1
5 Cluster
e Mass

Bertinoro 2011



Peculiar acceleration in the
Galaxy

« Can we use the peculiar acceleration to
discriminate among competing gravity
theories?

« Steps:

— model the galaxy as a disc+CDM halo and derive
the peculiar acceleration signal

— model the galaxy as a disc in modified gravity
(MOND)

— analyse the different morphology of the signal in
the Milky way

Bertinoro 2011



Spiral galaxy: Newton

test particle outside the disc,
where the presence/absence of
a CDM halo is more influent.

* Disc: Kuzmin

. MG
p&t R+(z|+) T F+([z|—lh)2]

* CDM hala:
Iogarltﬁﬁ
a.= MG , \/2%9\/14-—’8
L a, = inG  C. Quercellini, L.A., A. Balbi 2008
. H Z IL-'_\S Of Slght ,§+@g_@+qzﬁ§ arXiv:0807.3237
acceleration.

A-QaNn

Bertinoro 2011



Spiral galaxy: MOND

Beckenstein-Milgrom modified Poisson
equation O O

(1T 1& 1 [

For configurations with spherical, cylindrical or
plane symmetry ciymyo O |
K= e %E% HFE R =g

ﬁZ
A 14 29
Assuming a, =a. > g for

Bertinoro 2011




Spiral galaxy: MOND

« peculiar acceleration in MOND:

O h ﬁ@ﬁ

]
D+ + 46€ I:|+ +
Mq% \/1 NS @‘9‘% Etanﬁl R GEEH

A+ +7
OGPy
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Most accelerated globular

clusters

TABLE IIT: The ten globular clusters having the highest difference in signal between the CDM halo configuration and MOND.
Astronomical data are from [12]

Name v (em/s)® RA (hours)® dec (degrees) [ (degrees) b (degrees) Rsun (kpe) Rge (kpe)© x (kpe) y (kpe) = (kpe)
Pal 1 1.18 0333230 4793450 130.07  19.03 10.9 17.0 66 79 3.6
NGC 2208 1.18 0648 59.2 -360019 24563  -16.01 10.7 15.7 43 94 30
NGC 1851 1.17 0514063 -400250 24451  -35.04 12.1 16.7 43 -89 6.9
NGC 1904 (M 79) 1.16 0524106 -243127 22723  -29.35 12.9 18.8 76 83 6.3
NGC 288 1.15 0052475 -263524 15228  -89.38 8.8 12.0 01 00 88
NGC 5272 (M 3) 1.13 1342112 4282232 4221 T8.71 10.4 12.2 1.5 1.4 10.2
NGC 5904 (M 5) 1.11 1518338 4020458  3.86 46.80 7.5 6.2 5.1 0.3 54
NGC 1261 1.09 0312153 -B5 1301 27054  -52.13 16.4 18.2 0.1 -101 -129
NGC 362 1.08 0103143 -705054 30153  -46.25 8.5 9.4 3.1 500 -6.2
NGC 7099 (M 30) 1.07 2140220 -231045  27.18 -46.83 8.0 7.1 49 2.5 -5.9

Av =1.5cm/sec/ yr
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Newton vs. MOND

MOND

MOWD-Tewt

=3kps
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15k

N

FIG. 10: Comparison in the velocity shift signal (for T=15 years) as seen in the sky from our position in the Milky Way, for
the MOND, CDM halo configuration, and their difference (left to right) and for three distances from the Sun (3, 8 and 15 kpe,
top to bottom). The sky signal is plotted in galactic coordinates and in Mollweide projection.
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Proper Acceleration

The PropAcc could be seen by averaging
over many stars in open and globular
clusters
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/// One null cone
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/// Two null cones are better
4

y than one!
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Uzan, Clarkson & Ellis 2007
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Two null cones are better
than one!

time

out n
Redshift evolution as a test of dark energy 9
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Figure 2. The predicted velocity shift for the models explored in this work, compared to simulated data as expected from the CODEX
experiment. The simulated data points and error bars are estimated from Eq. 6, assuming as a fiducial model the standard ACDM model.
The other curves are obtained assuming, for each non-standard dark energy model, the parameters which best fit current cosmological
observations.
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4 Conclusions

* The task of understanding the nature of Dark
energy requires a combined use of several
observables

* We need to combine weak lensing and clustering
to reconstruct the metric at first order

* We need to use real-time observables to
distinguish between real and apparent acceleration
* Together with the Cosmic Parallax we can
reconstruct the

full 3D picture of cosmic kinematics !

Bertinoro 2011
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Memo for the future

* The Sandage-Loeb effect is a direct measure of
the expansion/acceleration of the Universe

* The Cosmic Parallax is a direct test of

anisotropy

* The Peculiar/Proper Acceleration is a direct
measure of the gravitational potential

* Full 3D picture of cosmic and local kinematics !
* A sensitivity of 1 cm/sec could be achieved with
the next generation of ELTs

* A sensitivity of 1-10 mu arcsec will be achieved by
planned astrometric missions like GAIA, SIM,
Jasmine

* New observables for DE, cosmology and gravity
theories !
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