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1. Introduction.
2. What are inhomogeneous pressure (Stephani) universes?

3. Redshift drift test to discriminate between Stephani and
LTB.

4. Off-center observer’s position against Union2 supeaeov

5. Combined tests (central observer): luminosity distance
BAO, shift parameter, drift.

6. Conclusions
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Growing interest irspherically symmetric Lemaitre-Tolman-Bondi (LTB)
Inhomogeneous density void models with an alternativeamadion of the
acceleration of the universe became kind of a new paradiggnamology
(Célérier 2000; Marra et al. 2007; Uzan et al. 2008 and malmgre) —
commented e.g. by Krasski, Hellaby, Bolejko, and Célérier (2010) that
not only LTB are worth investigating.

Let me keep the side of the latter people and consigaerically
symmetric Stephani models of the pressure gradient.

In fact, LTB and SS Stephani acemplementary modelsof the universe
and both can mimic homogeneous dark energy models.

The onlycommon limit of both is the isotropic Friedmann. Both are the
simplestinhomogeneous models (SS).

And there are lots of less symmetricfuuirely inhomogeneouamodels
(Goode (1986), Szafron (1977), Szekeres (1975), Wainwsyode
(1980), Ruiz-Senovilla (1992) etc.) to investigate - cheaattalks.
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Complementary models of the spherically symmetric Univers

Inhomogeneous densityust shells (LTB) anadhhomogeneous pressure
(gradient of pressure shells) (SS Stephani):

pressure density
FRW p = p(t) 0= o(t)
LTB p=0(p(t)) o = o(t,r) - nonuniform

SS Stephani p = p(t,r) - nonuniform o= o(t)
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They are the only spherically symmetric solutions of Eimséguations for
perfect-fluid energy-momentum tensdf'¢® = (o + p)uu® + pg®®) which are
conformally flat andembeddablein a 5-dimensional flat space (H. Stephani
Commun. Math. Phys4, 167 (1967)). We have

2 2 . 2
5 a® a V 5
= - wl(E)]
2
a :
+ 72 [dr2 + 72 (d(92 + sin? 9dgp2)] : (1)
where
1
Vit,r)=1+ Zk(t)’rz : (2)

and(...)” = 0/0t. The functiona(t) plays the role of @eneralized scale
factor, k(t) has the meaning af time-dependent "curvature index”, andr is
the radial coordinateCompare: LTB has spatially dependent "curvature
index” K(r).
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The energy density and pressure are given by

a*(t) | k()
o) =3[y + | )
| 1 o(t) [Va((tt,r)} |
pitr) = e®{-1 + 305 e b= wepp(tr)ot),  (4)
\ a(t) /
and generalize the standard Einstein-Friedmann relations
B a*(t) k
) = 3 (56 + ) ®)
_ o (a) | a*t) |k
w0 = - (258 + ) ©

to inhomogeneous models.
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Kinematic characteristic of the model:

Ug:p = %@hab — UgUp U= (aaua)% (7)
where is the acceleration scalar and theceleration vector
- {EEIOD]],
T Ea O] ”
while the expansion scalar is the same as in FRW model, i.e.,
0= 3é : (9)
a

Compare: LTB has non-zero expansion and shear.
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The four-velocity and the acceleration are

1 , Vo,

Ur = — C— Uy = — C—— . (10)

The components of theector tangento zero geodesic are

‘/2

a2r2’

2 2 h2
kT:V—, LA — k=0, k¥ =h
a a’ 72

(11)

whereh = const., and the plus sign in applies to a ray moving away fifoem
centre, while the minus sign applies to a ray moving towandscentre. The
acceleration scalans

U = (uﬂu“)% = = ——=7 (12)

Thefarther away from the center at = 0, thelarger the acceleration
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Global topology stillS? x R. The models are justpecific deformations of
the de Sitter hyperboloid near the “neck circlebut with local topology
of the constant time hypersurfaces (index(t¢)) changing in time.

Usually we cut hyperboloid by eithér= 1 (S° topology),k = 0 (R?) or

k = —1 (H?) — here we have “3-in-1" — the Universe may eithepen up”
or “close down”.

standard3ig-Bang singularitiesa — 0, 0 — oo, p — oo are possible (FRW
limit).

Finite Density (FD) singularities of pressure appear at some particular
value of a radial coordinate— in standard=RW cosmology there exist

exotic (sudden future) singularities of pressure (Skif) finite scale factor
and energy density — they differ (Dabrowski 2005).

There isno global equation of state- it changes from shell to shell and on
the hypersurfaces= const.
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... have been found in Dabrowski (1993). In particular,tfer so-calledodel Il

one has

<5)'=o e, k(r) = —Ba(r) (13)

a

with the unit[3] = Mpc~1.
A subcase of model Il (from now oihA ) was proposed by Stelmach and Jakacka
(2001)) — it assumes that tlséandard barotropic equation of state

—5= = wo(T) (14)

at the center of symmetry ama exact form of the scale factor. This assumption

gives that

8rG 5 A?
3¢2 o(r) = C7(7) = a3+ (1)

and allows to write a generalized Friedmann equation as

(A = const.) (15)
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and

I%;) = |w+ g(w + 1)a(7)r2] o(1) = weypro(T) - (17)

Similarly as in the Friedmann model, we can define criticalsiky as

3c? a - 2
0cr(T) = 817G (CL(T)) (18)

and the density paramet@rr) = o(7)/0.-(7) which after takingr = 7, gives

A? Bc?
and so
anH?2
B=="5"(-1) . (20)
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In ModellIB the scale factor is of theust-like type
a(t) = ot?/3, k(t) = —aoca(t), , (21)

(o] = (s/km)?/3Mpc=/3, [0] = (km/s)?/2Mpc'/3, [t] = sMpc/km) but the
equation of state at the center of symmetry is no longer bt

3272G? , 3

In the limit of theinhomogeneity parametera — 0 one obtains the Friedmann
universe. FD singularity of pressure israt> oco.
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Redshift drift (Sandage 1962} the idea is to collect data from two light cones
separated by 10-20 years to look for a change in redshift oliece as a function

of time.
\re‘ - (57_9

e, Te

0,70 + (5?‘0

rO-.""e

There is a relation between the times of emission of lighthgydource-, and
7. + 07, and times of their observation at andr, + d7,:

To To+0To
/ dr _ / dr | (23)
T CL(T) Te+0Te CL(T)

e

0T,

a (To ) )
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For smallé7. anddr, we expand in Taylor series

O(uqk®
(ugk®)o = (ugk®)(ro, 70 + 070) = (Uak®)(r0,T0) + [ (u&_ )] dTo
(74077_0)
ak”
(ke = (uak®)(re,Te + 07e) = (Uak®)(re, ) + [8(“ )] 57e |
OT  J(reme)
where for inhomogeneous pressure models the readshift e=ad
V(te,re)
(uak®) R(te)
1 + 2z = € = - (24)
a Vv t(),?“()
(uak )O W

From the definition of the redshift drift by Sandage (1962):

P (uaka)(reﬂ-e —|_57_e) B (Uaka)(re,Te)
08 e T k) (oo + 070) (1B ) (0, 0) (25)
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For general SS Stephani metric we obtain

a% (ugk®) = — (%) — % (S)'ﬁ , (26)
and
% [(5)[ Eia)} La(Te) - [(5)[11253} a4z @)

For the model withk/a)" = 0 we have

5z Hy [HG(Z)

_ iR

ot 14+ *k(mo)rd - Z)] . (28)

Sandage-Loeb CDM formula fé2;,,, — 0; H.(2) = Ho(1 + 2)3/2, rqg — 0.

Redshift drift and supernovae in inhomogeneous presssmaoagy — p. 16/28



Redshift drift - LTB voids.

10'° A,z / year

™ Plots for3 different LTB void models ACDM, brane DGP, Cold Dark
Matter (CMD) (Quercellini et. al, 2012).

W ACDM - the drift ispositive at small redshift, but becomes negative for
z 2 2.

W Giant void (LTB) model mimicking dark energy - the driftasvays
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10'° Az/year
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Q. sSmall - drift as in LTB and CDM models

Q.nn larger - drift as inACDM models (first positive, then negative), e.g.
for Q;,5, = 0.61 drift is positive forz € (0,0.34).

Q,nn Very large - drift positive €2;,, = 0.9 uptoz = 17; Qipn =
(inhomogeneity-dominatiory > 0) andg—j = Hy% which means that the
drift grows linearly with redshift.
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One is able talifferentiate between the drift il\CDM models, in LTB
models, and in Stephani models - this can be done in futurergrpnts.

At largerz > 1.7 redshifts bygiant telescopesEuropean Extremely Large
Telescope (E-ELT) with spectrograph CODEX (COsmic Dynamic
EXperiment); Thirty Meter Telescope (TMT); Giant Magellé@lescope
(GMT).

At smaller (ever: ~ 0.2) redshifts byspace-borne gravitational wave
interferometers like DECIGO/BBO (DECi-hertz Interferometer
Gravitational Wave Observatory/Big Bang Observer).
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The luminosity distance is given by

ap(l 4 z)#
g = 227 (29)
1 4+ Zagrg

with anoff-center observer placed ay), 6y, ¢ as meant in the coordinate system
{t,r, 0, ¢} of the Stephani metric. More precisely we have

L+ 2z ) o
dL — | ElngQi)nh 5 T/(Qinhaw7,r079079007}[079/790/72) ’ (30)
where
1 /! d
= (a) ° , (31)

 Ho Jo, /T = Q)27 + Qia?

anda. is the value of the scale factor at the moment of an emissidimedight ray.
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For the redshift one takes

ap(4 — aeH(?thrg)

1 = 32
T2 ae(4— agHEQinprs) (32)
where
r? = (rosinfcos o + #'(a)sin @’ cos ¢')?
+ (rosinfpsin gy + 7 (a) sin @’ sin @')?
+  (rocosfy + #'(a) cos 0’ sin ¢')? (33)

andd’ andy’ are the coordinates of a supernova as seen by an off-cergernel
in the sky.

We appliedUnion2 557 supernovae dataf Amanullah et al. (2010, ApJ, 716,
712) - we note the courtesy of M. Kowalski and U. Feindt to eadinhe sample.
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Off-center observers - model IlA
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Best-fit values inhomogeneity densit{;,., ~ 0.74, center of symmetry equation
of state barotropic index ~ 0.031, off-center observer positioRist = 270 Mpc

(x? = 339).

An observer cannot be farther away than~ 3.5Gpc.
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Off-center observers - model 1IB
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Non-barotropic EO3mits stronger the position of an observer.
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5. Combined tests (central observer): luminosity distanceBAO,

shift parameter, drift.

Preliminary plot (Balcerzak, MPD, Denkiewicz, Polarskn-arogress):

1.0f
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0.0 02 04 0.6 08 1.0
(8

Not all countours overlap.
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Combined tests - keeping inhomogeneity, new EO&; (a) parametrization

We suggest a varying barotropic index(a) which can fit the data is:

wi(a) =w + % (1 4 tanh[A(ay — a)]) - (34)

wherew, wg, A, anda,, are constants. Here: = 40, a.- = 0.08, wg = 0.1,
w = —0.1 and;,,, = 0.68, 2, ~ 10.66. Also, as in the standard case:

o(a) = oo exp [—3 / Py Z,l(a/)] = 0o f(a). (35)

0
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Inhomogeneous pressure models - combined tests for (a)

0.0 0.2 0.4 0.6 0.8 1.0
O

Good news we can still have inhomogeneity while — w(a)!
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The general Stephani metric

ds* = - 2—23—2 [(Z)th% 3—22 dz® +dy® + dz°] (36)
Vitawz) = 14 k0 {le— 20 + [y 900 + [z — 20} .

with xq, yo, 2o being arbitrary functions of time is justgeneralizatioof both the
FRW and SS Stephani metrics in isotropic coordinates.

It has no symmetriesacting on spacetime.

The center of symmetrghanges its positiorfrom slice to slice.
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6. Conclusions

¥ Viable and complementary to LTB cosmologies which dane
acceleration

W Cleardifference against LTB for redshift drift (can be tested by very large
telescopes and GW detectors).

W Comparison with the 557 Union2 supernovae detaricts the position of
non-centrally placed observerdo be not more than 3.5Gpc away from
the center.

W Stephani moddits well the data folSNIa, redshift drift, shift parameter,
and BAOprovided a specific parametrization for= w(a) is applied.

W Can even modebtal spacetime inhomogeneity
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