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A redhift-magnitude relation (generalized Hubble Law) lagbto supernovae la
caused thébiggest revolutionin cosmology at the turn of 20th century:

m(z) — M = 51log,y (cz) — 5log,o Ho (g log4g e)
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Here we also admittestatefinders j, k.
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Statefinderare the higher-order characteristics of the universe estparwhich
go beyond the Hubble parameter and the deceleration paaamet

a 1 a aa
H = —, ——— = . 1
a | H2 a a2 (1)
They can generally be expressed = (2)
. - 1 a(z) 1 a(z)az 1
X0 = ()T = ()T 2)

and the lowest order of them are known as: jerk, snap ("kedkdck ("lerk")

O & da® 1 a® <5>a4
g:_, k = ——— :—_—,lz__: (!3)

the and pop ("merk"), "nerk", "oerk", "perk" etc. (Harristt, Landsberg '76,
Chiba '98, Alam et al. ‘03, Sahni et al. '03, Visser '04, CakllyKamionkowski
'04, MPD+Stachowiak '06, Dunajski and Gibbons '08)
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It changed “standard” cosmology based on Einstein-Friedman equations

which are two equations for three unknown functions of tue), p(t), o(t)

a? K

o = 3<a_2+a,_2>’ (4)
i a®> K

po= (224540, ©)

plusan equation of staje.g., of a barotropic typey = const.> —1):

p(t) = wo(t) (6)

gives three standard solutions - each of them startsBvigkBangsingularity in whicha — 0,
P — X

— one of them (ofK = +1) terminates at the second singulaliBig-Crunch)wherea — 0,

o,p — oo —the other two X = 0, —1) continue to arasymptotic emptinesg, p — 0 for a — oo.
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by “standard” we meant the obediencetlod strong energy conditiqf$EC) of Hawking and Penrose
R, VHVY > 0, VH — a timelike vector , (7)

(R - Ricci tensor). In terms of the energy density and pressusesquivalent to

o+3p>0, o+p>0. (8)
From (1) and (2) one has
4G aa
——(e+3p) = —=—qH’, (¢=——; H=-), (9)
3 a a a

which together with (5) means that
a < 0, or ¢q>0, (10)

so that the universe should decelerate its expansion ifidf@isdard” case.
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SCP + High-z Team ('98-'99) made the plot to determinelp ( Jo = Ko = 0)
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and showed that the best-fit model is §gr= Q»,/2 — QA < 0, so thata > 0
(Perlmutter et al. (1999))favours dark energy with negative pressure such as a
A—term or quintessence-( < w < 0).

It leads to the energy condition (5)

Exotic cosmological singularities and fundamental the+i p. 8,



Provided onlyw = const.= —1 matter appears in the universe (just the strong
energy condition is violated), the cosmological constants —1) of any small
fraction will always dominate

Energy A
density

cosmological consta

>

a(t)

Despite, as Fillipenko et al. '99 showed, the best fit valuer efas= —2/3
(domain walls)
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Recent supernovae data

WMAP + SDSS + Supernovaembined bound on the dark energy barotropic
iIndexw (Tegmark et al. (2004)):
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Knop et al. 2003 (from SNe + CMB + 2dFGRS combined) —
w = —1.0513; (statistical)#0.09 (systematic)

Riess et al. 2004 < —1)
Seljak et al. astro-ph/0604335+= —1.04 £ 0.06

Thenp < — Lnhatter is a serious (though troublesome - see
later) candidate for dark energy

though more recently Kowalski et al. (arXiv:0804.4142)
analyzed 307 supernovae (Sne + BAO + CMB) —

w = —1.00170:0%9 (statistical) 905 (systematic)

The point is still thatven a small fraction ofw < —1 dark
energy (not theA-term) will dominate the evolution (see
later)
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Phantoms dark energy of very large negative pressuy(@aldwell
astro-ph/9908168 - published in PLB 2002; after 2002 tensfsfwhich are not

listed
p<-L1 orw<-1, (11)
which all the remained energy conditions, i.e., the null (NEC)
T,.k'k" = 0, k" —a null vector, 1.e., [#p=0, (12)
the weak (WEC)
T,V¥WNV" = 0, V¥ —a timelike vector, l.e., [#4p=0, p=0,(13)
and the dominant energy (DEC)

T,V*VY = 0, T,V*—not spacelike, i.e., |p|= LICZ0. (14)
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Simplest example of phantom:

a scalar field with negative kinetic energy

(I = —1 — phantom] = +1 — a standard scalar field)
I
L =—50,99"¢ =V (¢) (15)
so that
(bz
p=15+V (), (16)
(bz
p=12-—V(®), (17)
and so
[(H#p=Ilgp (18)

Null energy condition is violated fdr= —1!
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— easily appears iBrans-Dicketheory (Einstein frame) fon < —3/2

S = /d“x [R — (w + g) 0,00 ¢ + .. ] (19)

which forw = —1 is equivalent to low-energy-effective-string action inrsj
frame

—also in bulk viscous stress models (due to particle praooloict

— In higher-order gravity theories, k-essence; in supagstind brane cosmology
etc.

— transition from a collapse to an expansion impossibleautmull energy
condition violation (i.e. without effective phantom) - @ ekpyrotic models
(Turok et al. 2002)
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classical and quantum instabilities (e.g. Buniy and Hsuthépb02203) -
due to negative kinetic energy of phantom particles sadteather gain
than lose energy

positive mass theorems fall

black hole thermodynamics is under trouble (cf. GonzalezD
astro-ph/0407421; Pereira and Lima 0806.0682)

cosmic censorship conjecture fails (all three above reltherenergy
conditions)

But see recent papers:

Cline et al. PRD 70 (2004), 043543;

Buniy, Hsu, Murray hep-th/0606091,;

Rubakov hep-th/0604153; (no negative kinetic terms, NETated)
Creminelli et al. hep-th/0606090 (no instabilities, NEGlated)
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Radical approach

€XORCISING w<-1

NeMaNTA KAaLoPER
vcD

(W C.Csaxl & T. TernInG
AsTRO-PH/0409 596

Proposes alternative explanation of supernovae dimiduesto/ + photon -
axion conversion. Mechanism affects only Snla which is nstsingly biased
towardsw < —1.
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For convenience take
lw+1l|=—(w+1)>0, (20)

so that the conservation law for phantom gives
[Talw*?l, (21)

Conclusion:the biggerthe universe growshe densett is, and it becomes
dominated by phantom (overcom@serm) —
Lp » cofora —» oo

Curvature invariant®?, R,,R*", R ,,,,,R**?° divergeat Big-Rip

Only for —5/3 < w < —1 the null geodesics are geodesicaitynplete for
other values ofv, including all timelike geodesics, there is a geodesic
iIncompletenes@azkoz et al. gr-qc/0607073, PRD '07) - the singularity is
reached in an infinite proper time.
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In a Big-Rip scenario everything @ulled aparon the approach to a Big-Rip in a
reverse order (Caldwell et al. PRL '03).

Specifically, forw = —3/2 Big-Rip will happen in 20 Gyr from now and the
scenario will be as follows:

In 1 Gyr before BR - clusters are erased

In 60 Myr before BR - Milky Way is destroyed

3 months before BR - Solar System becomes unbound
30 min before BR - Earth explodes

10~1° s before BR - atoms are dissociated

nuclei etc. .....

All this comes from the formula= P \/2 |w+1]|/[6m |1+ w|], where P isthe
period of a circular orbit around the system at radius R, nvass
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BR to BR model as dual to standard BB to BC model

Scale
factor,
Scale a(t)

Big Bang Big Rip Big Rip time, t

Duality: Standard mattep(> — [ Phantomg < — 0[]
W o —(W+2) or better y « =y y=w+1 (22)

a(t) - % (23)
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Phantom duality is similar to scale factor duality in supergdring (pre-big-

bang) cosmology (Meissner, Veneziano '92)

2

t<0 curvature and strong t>0
coupling singufarity at t = 0

t

Dual branches: pre-big-bang superinflationary (1) and-pmsbang
radiation-dominated (4)

1
as(t)’

a(t) - O(t) - @(t) —Ina°(t) (24)
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The value of

w =—1ory = 0 (the/\ — term)

plays a role of the border in phantom duality - a border behwbe
standard/quintessential matter and the phantom matter

— it is often calledphantom divide.

There are many dynamical system studies of the problem of&tng the
phantom divide” and possible return of the universe evoluto a non-phantom
phase which would allow to avoid a Big-Rip (e.g. Bouhmadpkn, Madrid
astro-ph/0404540, Babichev et al. astro-ph/0407190. etc.)
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Explicit examples of phantom duality, form-invariance

— exact dual classical solution standard/phantom mattegative/\-term (MPD
et al '03)

2
3(w+1)
1

\/§
Qs = [Asin <7|w + 1|(—/\)%t>

Duality:
dust (w=0) - hyperphantom (w=-2)
strings (w=-1/3)- superphantom (w =-5/3)
walls (w=-2/3) - phantom (w=-4/3)
— Other nameform-invariant symmetrylLazkoz et al '03)
- for a perfect fluid
H - —H, [(#p o —(CH#Dp) (26)
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- for a scalar field (Wick rotated « i)

(52 « _(bZ’ (27)
V() « @>+V(9). (28)

— phantontriality (Lidsey '04) - phantom duality extended to a correspondence
between standard, brane (cyclic) and phantom models

- generalizes conservation of the spectral indexv.r.t. a change from rapid
accelerated expansiohf —H/ H2 [ 1) 10 slow decelerated contraction § 1)1
(Boyle et al. hep-th/0403026)\{ < 6)

a = /Y oa=t"2.a=(-t)"*"/? (29)
© = (2/N)Int o 9=—=Alnt o = —AIn(-t), (30)
V = 2A746—N)e M o V =47 1)\2(3\% — 2)e2¢/A

oV =47IN2(3N% + 2)e2?/2, (31)
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Classical (isotropic and anisotropic) phantom cosmologg

W Admissionw < —1 enlarges possible set of cosmological solutions.

™ The most desirable are the solutions which begin at Big-Barthterminate

at Big-Rip.
Scale
factor,
a(t)
A fo----o---
t :
Big Beginning Big time, t
Bang of phantom Rip
domination
z=0,46* 0,13
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ag Qspo ag

B 2 5 4
a _ (EQSPO(H o) QTO) dn = (i) Hodt (32)

—in homogeneous (Bianchi type) models shear anisotoory ~ dominate over
the phantom matter on the approach to a Big-Rip singulaimiyes

LA Calv*t>— .0 (33)

fora - oo,

Exotic cosmological singularities and fundamental theo# p. 25



Quintomis a combination of quintessence and phantom (Feng et al.
astro-ph/0404224; Wei et al. gr-qc/0705.4002):

1 1
L = _Ea,u(pqaucpq + Ea,u(ppaucpp -V ((pq1 (pp) (34)

which gives
_ P _ 95— 0 — 2V (95, 90)

W : :
P 02— @5+ 2V (0p, 0y)

(35)

and leads to both phantom dominaticqﬁ (e qiqz) and quintessence domination

crossing’.
On the other handyscillating quintontfulfills the equation of state (Feng et al.
astro-ph/0407432)

W =Wy +Wwj cos[Alna/a.]. (36)
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IS @ non-canonical complex scalar figd= @1 + 19> which by introducing new
variables (Weng et al. hep-th/0501160, astro-ph/05098&80-ph/0612746)

@1 = @coshB, @, =@sinho (37)
gives the Lagrangian
1
L=-3 0,00"¢ — ©°9,,00"8] — V (¢) (38)
so that | |
2 _ 202 —
w=P =@ Te0 =2V (9) (39)
P 9*—%9* +2V(9)

and it again plays the role of both phantom ¢8r< (pzéz and quintessence

(...>...).
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Phantom brane (RSII) cosmologies (MPD et al. IIMPD '04, @brgt al. '06)

81 p2 k /\4 2m l(4)U
H? = + )=+ =+ 2 , 40
3mM2, 4 (p 2)\) a2 3 8TIA (40)

whereA is brane tensioandU is dark radiation. Phantom in brane cosmology
helps to fit supernovae, but not CMBR and nucleosynthess. DlGP brane
model fit see e.g. Lazkoz et al. astro-ph/0605701)

Note: there is a possibility for a bounét = 0 in these modelgrovided brane
tension is negativat the energy density

Ppb=2|A| and |A] =—=A>0. (41)

This means that non-singular oscillating cosmologies assiple in brane
cosmology (e.g. MPD et al. '04, Freese et al. astro-ph/088h3
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Phantom behaviour (pulling apart) may destroy black holeskwould start
dominating at the contraction.

Phantom matter accretion onto a black hole may cause its diragsshing
(Babichev, Dokuchaev, Eroshenko '2004)

Effectively same as Hawking radiation.
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However, in standard brane modelsly extra timelike dimensiongive a
possibility for negative brane tension (e.g. Shtanov arith5aLB, 557 (2003), 1).
It is amazing that in loop quantum cosmology the term wisichulates negative
brane tensio@ppears in a natural way (Bojowald PRL '02, gr-qc/0601085,
Ashtekar et al. '06, Copeland et al. gr-qc/0510022 etc.):

1 n? K
2 j— _— _—
= (p-5)-%. @2)
where the critical density is
V_
_ 3
Pe = T6my3G2n2 (43)

andy is the Barbero-Immirzi parametey & 0.2375, see Meissner
gr-qc/0407052).
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Big-Rip singularity can be avoided in LQC (e.g. Sami et alqgf0605113)
even if phantom is present - a bounce.

Energy exchange phantom-to-matter model (e.g. Gumjudpai
gr-qc/0706.3476) in LQC does not change the result thoughggn
exchange may alter the bouncing time.

Quintom, hessence in LQC (e.g. Wel et al. gr-qc/0705.4008&)iestable
attractors which are non-phantgm > —1) and there is no Big-Rip
singularity.

Phantom duality versus PBB scale factor duality - in LQC thaldolutions
In PBB are regularized (De Risi et al. hep-th/0706.3586)smthe simple
phantom duality may not work in that context (but see alsopira triality,
Lidsey '04).
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4. Other exotic cosmological singularities and statefindeblow-

up.

Big -Rip appears at some finite future tihes tzr = 20 Gyrin analogy to
Big-Crunch att = tz~. Some people call it “sudden”, but we can have sth really
“sudden” (as we will learn later).

Sudden Future Singularity

— manifests as a singularity of pressuregponly

— leads to the dominant energy condition violation only

The hint (Barrow '04):

release the assumption about the imposition of an equatisiaie

p B p(D.! no analytic form of this relation is given (44)

Choose a special form of the scale factor (may be motivatéahidamental
cosmologies) as:

a(t) =a,[1+ (1 =3)y" =3(1-y"], yEt1 (45)

S

wherea, = a(t,) = const. and, A, m, n = const.
ObViOUSly fort _ 0 one has 3 Blg Bang SiﬂgUlaFﬁ?)ti/C cosmological singularities and fundamental the« p. 32



But what about t = t,? One has to look onto the derivatives oé!

Q-
1

a | pa-ay sl a-y (46)
4 = i‘—z [m (Mm—1)(1—=8)y"™2—3n(n—1) (1—y)”—2} |
If we assume that
l<n<2, (47)
then using Einstein equations (1)-(2) we get

a = const., a = const. [ = const.
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Sudden future singularity

It is only thepressuresingularity withfinite scale factor and the energy density.
Possible universe evolution scenario:

Scale !
factor, I
a(t) .
Big Sudden time, t
Bang Future
Singularity

(or upwards in a similar way as in phantom scenario with aeatibn point)
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Friedmann limitis easily obtained in the limit of “nonstandardicity” paretar

o — 0.
The parametem can be taken to be just a form of thheparameter present in the

barotropic equation of state:

—0 <m =< 1whenw = —1/3 (standard matter);
—m > 1when—1 < w < —1/3 (quintessence);
—m < 0 whenw < —1 (phantom).

Near to SFS one has
asrps =as[1—0(1—y)"], (49)

andn plays the role in making a pressure blow-up.
Important point:

Unless we taken > 1 or m < 0 as an independent source of energy,
pressure-driven dark energy (acceleration) is possildiefono < 0!
We can call it pressure-driven dark energy (whatever it is!)
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SFS are determined byldow-up of the Riemann tensand its derivatives
Geodesics do not feel SFS at all, since geodesic equatiemasingular for
a;, = a(t,) = const. (Fernandez-Jambrina, Lazkoz '04, also gr-qc/068)/0

dt \ 4 P2+ KL2
(E) - AT e (50)
dr _ Picos@ + Pssing 0
= = 20 V1—-Kr2, (51)
do L
dt a2(Hr2’ (52)

Geodesic deviation equation

D2n®
@ ufnvu’ =

d\2 T R34 (53)

feels SFS since at= t; we have the Riemann tensf; ; — oo.
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Thereis a between the behaviour of the point particles and
extended objects (for example strings) at SFS. Point pestoio not even
see SFS while extended objects may suffer instantaneongertidal
forces but still may not be crushed.

No geodesic incompletness € const. and r.h.s. of geodesic eqgs. do not
diverge) L_SHS are not the final state of the universe

They are singularities (Tipler '77, Krélak '86) ;foT dt’ | R"Ojo(r’) |
does not diverge on approach to asingularity at T,

Big-Rip and SFS are ci
Interesting comparison:

Schwarzschild spacetime |at= r, - metric singular, curvature invariants
regular

Sudden singularity models - metric regular, curvaturerniavds diverge
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GSFS appear as a singularity at the time derivative of thie $aetor of an
orderr:

m(m—21..(m—r+1)

al” = a, - (1—=38)y™ "
—1)..(n—r+ _
+ o (cay 2D EIED gyl (sa)
by choosing (Barrow '04, Lake '04) , for any integer , and
consequently  the appropriate: p(r—2),

GenSFS fullfill all the energy conditions for amy= 3!!!

Type Il (Nojiri, Odintsov '04):a = a, = const.,[ . oo, |p| - oo

Type IV (Nojiri, Odintsov, Tsujikawa '05)a = a, = const.,[ 1. 0,p - 0O,
a - oo eftc.

Big-Brake = SFS (Gorini, Kamenschchik et al. PRD 69 (2002345112):
a=a,=const.a=0andd - —oo, SOp - oo.
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Polyakov action in conformal gauge:

T
S = ) /decnabgWaaxf‘abX” (55)

Equations of motion
XM+ TH XUXP = A (X" +TH XX (56)
g, XIEXY = —}\gWX”’X’p (57)
g XIX™ = 0 (58)

Invariant string sizeX = 1 - tensile stringsA = 0 - null strings

27
S(1) = V9, X X'Pdo (59)
0
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Circular string ansatz
t=1(1), X =R(t)cosa,Y = R(1)sing,Z = const. (60)

gives simple equations of motion in conformal time

h‘+2%R2 = 0 (61)
R'+2a?’:7r']R+)\R = 0 (62)
’?—R?—AR? = 0 (63)
and the string size
S(1) = 2na(n(1))R(1) (64)
For phantom
a(n) = n~2/GhI+2 (65)

Exotic cosmological singularities and fundamental theo# p. 40,



EOMs solve by

1(0) = exp (i\/ - '_V3'|;2|n> RO ="DEyTF2 (66)

SO

S(t) =my/3|y|+2exp (i %T) (67)

Big-Ripforn - 0 - a(n) - oo (ort - oofor’+"andt — —oo for’-’)
Conclusion (Balcerzak, MPD '06):

For SFSthe scale factors finite atn-time at SFS so that

The same is true for type lll, IV and generalized SFS.
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Big-Crunch may emerge despite all the energy conditaradulfilled
Big-Rip may emerge despite the energy conditiaresnotfulfilled
SFS emerges when only tdeminantenergy condition is violated

Generalized SFS do not leadday violationof the energy conditions.

Conclusion:

an applicability of the standard energy conditions to cdsigioal models with
more exotic properties is not very useful.

Suggestion:

formulate some different energy conditions which may befuélin classification
of exotic singularities.
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As an example assume the first-order dominant energy conditithe form

. K
(#p = —2H3<+3q+2+2a2H2>20, (68)
[(4p = —-2H3(— +3q+4+4 K >0 69
p - q a2H2 = J ( )

Result:It is not possible to fulfilthis dominant energy condition if a statefinger
IS singular. This is because the signs in the appropriateeezmns in front of it
are theopposite

Conluclusion:The violation of this first-order dominant energy conditzan be a
good signal for the emergence of the generalized SFS.

Interesting pointBlow-up of statefinder§ossibly read-off a redshift-magnitude
relation) may be linked to an emergence of future singudsait

IHo| - oo [BQA,BR, | |- o0 [SHES, |]jo|— oo LGanSFS, etc.
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We have said previously that Big-Rip may appear in 20 Gyr tarel (quite
safe for us!).

Now we ask the question of how far in future may a pressureusanigy
appear (MPD et al. astro-ph/0704.1383)?

In order to do so one should first compare SFS models with vasenal
data from supernovae.

The redshift formula in these models reads as

L4, = 2to) 8+ (A—-3)yg' —3(1—yo)"
a(ty) 0+(1—-0)yr—-0(Q—-y)"’

(70)

whereyo = y(to) andy; = y(t1).
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We have
m(z) =M —5log,g Ho + 25 + 5logqp[ria(to) (1 + z)], (71)

wherer,; comes from null geodesic equation

1 dr to odt
M = hauhil 72
/o 1 —kr2 / a(t) (72)

For a rough estimation of the dark energy models (acceterptve study the
product

.
Ho==13),~ 73

JoHo (a)o (73)

to MM =11 =38)yg" > =dn(n—1) (1 —yo)"*

yO m(l — B)ygl—l + n6 (1 _ yo)n—l ’
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Parameter spadédoqo, 9, Yo) for fixed values of
m = 2/3,n = 1.9993, ty = 13.3547 Gyr of the sudden future singularity models.
There ardarge regions of the parameter spadsch admit cosmic acceleration

CIoHo <0. (74)
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50 - e ‘Gold’ sample
o SNLS sample

Concordance model
SFS model

Distance modulus

30 ‘ ‘ ‘ ‘ ‘
2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
log(redshift)

Distance modulugl;, = m — M for the CC modelldy = 72kms tMpc—1,

Q,.0 = 0.26, Qo = 0.74) (dashed curve) and SFS model
(m=2/3,n=1.9999,0 = —0.471, yo = 0.99936) (solid curve). Open circles
are for the ‘Gold’ data and filled circles are for SNLS data.
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Surprising remark:
If the age of the SFS model is equal to the age of the CC modetyi= 13.6

Gyr, one finds thahn SFS is possible in only 8.7 million years!!!

In this context it is no wonder that the singularities wemeted “sudden’”.

It was checked that GSFS (generalized SFS - no energy comsliti
violation) are always more distant in future. That meanssthengest of

SFS type singularities is more likely to become reality.

A practical tool to recognize them well in advance is to meagwssible
large values of statefinders (deceleration parameter,gadp etc.)!
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Statefinders seem to be the best observational characteosthe higher-order
gravity theoriessince in these theories all the quantities which charastdhe
geometry enter the field equations in the higher-order davies (not only first
and second).

In the case of the 4th order gravitisgtefinders become a very powerful tools to
constrain such theories observationaligce they enter observational relations in
the lower orders ot (Poplawski '06, '07; Cappoziello et al. 0802.1583).

Besides, @low-up of statefindermay easily be linked to an emergence of exotic
singularities in the universe.
This is the point since fourth-order gravities are potdiytiplaguedby the exotic

singularities.
Also SFSplague loop quantum cosmologysee Wands et al. 0808.0190.
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When one considers the general gravity theories (e.g.0Gl8 Barrow '05;
Nojiri & Odintsov '05):

— ~—1 D-\/_
s=x"1[dP =gf(X,Y,2) (75)

In a D-dimensional spacetime, whexeY, Z are curvature invariants
X =R, Y =RuR®, Z =RgqR*, (76)

then oneammediately faces the 4th order field equationscepiwhen they reduce
to the theories witl-uler densitieof the nth orded () (Lovelock ’71)

S = / de\/——gZ K, 1, (77)
M mn
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of which examples are just tmsmological constant
19 =1, k= —-2A@2K?) 1 = —2A/161G, (78)

theRicci scalar
1D =R, k =@, (79)

and theGauss-Bonnedensity
1® = Rep = RupedR¥? — 4R, R + R? (80)

(Ko = a(2k®)~1, a = const.) etc.
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However, the theories based on the Lagrangians which afenicgons of the
Euler densities such as

f(R) = T(X), f(Rgg) = F(Z —4Y + X?), (81)

are again fourth-order.

The fact that the gener#il(X, Y, Z) theories are the 4th order may have some
advantageous consequences onto their observationacagaf
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Apart from quintessencgé > p > — [, Astronomical data gives a direct
motivation toa non-standard type of mattehantomwith p < —[as a
candidate for dark energy.

Phantom produces an exotic singularitizig-Rip in which @ - oo and
[J, oo) which is different from Big-Crunch. However, in some sceos
(quintom, hessence, brane cosmology, loop quantum cogydiioese may
be avoided.

Investigations of phantom inspired otheyarches for non-standard
singularities in futurgsudden future, generalized sudden future, type lll,
type 1V, Big-Brake etc.) which, in fact, both classicallydaguantum
mechanically are not “true” singularities as Big-Bang ogBip.

However, despit®ig-Rip which may happen in 20 Gythese weak
singularities (of tidal forces and their derivatives) mapeaar quite nearly
In future. For examplen SFS may even appear in 8.7 Mvith no
contradiction with supernovae data.
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Big-Rip and other exotic singularities appear in fundaraktiteories of
particle physics (scalar-tensor, superstring, brang thantum cosmology
etc.).

In particular this refers to fourth-order gravity lagraags which contain
higher-order derivativesf the geometric quantities (in a Friedmann model
the scale factor).

These singularities may manifest themselves inily@er-order
characteristics of expansi@uch as statefinders (jerk, snap, lerk/crack,
merk/pop).

Statefinders are then usefablsto detect a progress of the exotic
singularities in the universe. In other ways they may be dloétb test
higher-order fundamental theories of unified interactions

Especially interesting exotic singularities which mayfehf4th order

gravity theories from other theories are the generalizeldien future

singularities (GSFS) which allow singularities in higherigatives (third,
Exotic cosmological singularities and fundamental theo# p. 54
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