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Abstract: Certain classes of cosmological backgroundsin asymptotically anti-de-Sitter space-times have hologropically dual descriptions in terms of
gauge theories. We analyse such backgrounds with smooth initial conditions, where curvatures become strong in a finite time and the gravity
eguations break down. We will show how the dual gauge theory can be used to continue time evolution in this singular region and speculate on the
nature of space-time at late times.
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The Setup

* Near singularities, the equations of General Relativity or their
cousins — supergravity — break down.

* What replaces them ?

* Holographic correspondences which arise from String Theory
provide a possible clue.

* Here, gravity in the bulk is an approximate description of a more
fundamental non-gravitational theory in lower number of
dimensions.

* Question : can we use this description to ask what happens near
singularities ?
* This talk : use the AdS/CFT correspondence.
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* In this talk | will discuss one approach to understand this
problem.

* There are several other approaches — 2 of them
Craps, Hertog, Turok
Horowitz, Lawrence, Silverstein

will be discussed later in the conference.
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¢ Simplest setting — |IB string
theory in AdSs x S° dual to
a N =4 SU(N) Yang-Mills
theory living on the boundary.

4
([E) — 45\

IIB (closed) String

Yang-Mills
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* Simplest setting — |IB string _
theory in AdS5 x S? dual to "B(?IDSEd) S
a N =4 SU(N) Yang-Mills
theory living on the boundary.

4
([E) —4x

e When N >1 and the ‘t Hooft
coupling is large, A = gy, N > 1 |
the bulk theory may be |
approximated by supergravity | >
and usual notions of space and e 83
time apply. Yang-Mills
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* When A < O(1) the gauge theory is still well-formulated.

* However,the curvatures are large compared to the string scale.
Supergravity breaks down and there is no meaningful

interpretationin terms of a 10 dimensional local gravitational
theory.

3 9 .. 9 .
Rstring — = [Reinstein il 582‘1’ == 5(8‘1’)21

* This is physically a singularity.
* If N>1 wecanstillignhore guantum effects in this string
theory, but we need to understand stringy effects

* Very littleis known about even classicalstring theory in such
backgrounds.

* The hope is that we can use the Yang-Mills description in this
regime.
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* We will investigate toy models of cosmological singularities by
considering Yang-Mills theory with a time-dependent ‘t Hooft

coupling.

o84

axl/

-3 3 - -3 i 2 3 P t

In the bulk this corresponds to a time dependent dilaton ¢,
and N ¢® becomes small at some intermediate time -

2 large.

5

making Rst-ringl
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* We will start the system in the vacuum of the gauge theory, with

irsa:

a large value of the ‘t Hooft coupling. The dual space-time is now
pure AdSs x S°

-4

Once we turn on the time dependent source, the gauge theory
evolves according to the deformed hamiltonian.
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 We will start the system in the vacuum of the gauge theory, with
a large value of the ‘t Hooft coupling. The dual space-time is now
pure AdSs x S°

3

Once we turn on the time dependent source, the gauge theory
evolves according to the deformed hamiltonian.

In this regime, the bulk is described by a non-normalizable
dilaton mode . This evolves via the supergravity equations of
motion —and produces a non-trivial metric by back-reaction.
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* Oncethe gauge theory becomes weakly coupled, the
supergravitydescription is not valid any more.

- 3 =

Now we take recourse to the gauge theory.

In particular, when the coupling really hits a zero, and thereis a
curvaturesingularity in the bulk, we will ask if the gauge theory
can meaningfully describe time evolution beyond this time.
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* Once the gauge theory becomes weakly coupled, the
supergravity description is not valid any more.

- -3 a2 -7 1 = 4

Now we take recourse to the gauge t'heory.

In particular, when the coupling really hits a zero, and thereis a
curvaturesingularity in the bulk, we will ask if the gauge theory
can meaningfully describe time evolution beyond this time.

If not, we would like to learn — what precisely is the problem ?

irsa: 09070018 Page 12/64



Slowly varying dilatons

* A breakdown of super-gravity can be achieved even by a
coupling which is slowly varying, starting with a large A inthe

past.

» Since the gauge theory is defined on a S” whose radius can be

taken to be R, slow variation means
Rf)t —ekX 1

 Therefore, if such a variationtakes place over a timescale ¢ ~ —

one canreach )\ < O(1)
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Supergravity Solutions

* Inthe infinite past (in terms of global time), the space-time s
pure AdS- x S° with a constant dilaton d___ such that the

string frame curvature is small in string units. The Einstein frame
metricis

2
i il ‘ .-
dsy = —(1 + —5)dt* + -+ r2dQ2

2 e
R 1+ 5

This provides the initial condition.

* The source on the boundary is a boundary value of the dilaton,
which has been chosen as we described above - ()

This provides the boundary condition. -

_—®y(t)
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We need to solve the equations of motion in a power series
expansionin €

4 1 :
Rap = ~ 2948 T+ 53.4‘1333‘1’ Ve =0
Expand the fields 0(6)

®(t) = Dy(t) + D4 (7, t) +tI>9(; t)
1 7
Jab —ﬁﬁ+¢¥¥¢)+~

Derivatives with respect to 7 are not small.

To the lowest nontrivial order in € the solution is very simple.

Since every time derivative comes with a factorof € itis
straightforwardto see that

‘I’l—gb =0

: 09070018
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* We need to solve the equations of motion in a power series
expansionin €

4 1
Rap = ~ 2948 Tt 53.4‘1’83‘1’ Ve =0
* Expand the fields O

D(t) = Po(t) + P41(r, £) + @g(ffj_l_:_,;‘:.f-f---

0 1 Py
9ab = Q{(Ib) 5 3 gt(zb) * gr.(];b) g s

* Derivatives with respect to 7 are not small.

* To the lowest nontrivial order in € the solution is very simple.
Since every time derivative comes with a factorof € itis
straightforwardto see that

®, ZQS;) =
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* Infact, the equations for @, and gﬁ] decouple —they are
simply equations in the AdS- x S§° background with a source
term provided by the boundary value of the dilaton.

* The solution to lowest orderin ¢ is smooth everywhere—there
are no horizons - no black holes are formed.

¥
1 -

T 2 1 2\ \ 2 . -
®(r 1) = 7ol [— log(1 +12) — 5 (log(1 +12))* — dilog(1 + %) —

* We have used —and will keep using - § = 1 units.
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* We need to solve the equations of motion in a power series
expansionin €

4 1
- 2
Rap = — 2948 = 55.4‘1’33‘1’ V® =0
* Expand the fields

=== —O0(€)
(t) = ®g(t) + Dy (7. t) + D5 (?" tl e

Gab = Guy, + Gup + Gup - +--
* Derivatives with respect to 7 are not small.

* To the lowest nontrivial order in € the solution is very simple.
Since every time derivative comes with a factorof € itis
straightforwardto see that

(I’l_gab =0
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* Infact, the equations for ¢, and gﬁ] decouple —they are
simply equations in the AdS- x §° background with a source
term provided by the boundary value of the dilaton.

* The solution to lowest orderin ¢ is smooth everywhere—there
are no horizons - no black holes are formed.

b

—

5= 1 = - — ==
®y(r.t) = 790(t) [— log(1 + ) — 5 (log(1 +12))? — dilog(1 +1?) — =

* We have used —and will keep using - = 1 units.
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* Infact, the equations for @, and gﬁ] decouple —they are
simply equations in the AdS- x S§° background with a source
term provided by the boundary value of the dilaton.

* The solution to lowest orderin ¢ is smooth everywhere—there
are no horizons - no black holes are formed.

1 = 1 15 ]. (s -‘] 5 & .l‘l‘-
By (r, 1) = 7%o(?) [7 log(1 + 1) — 5 (log(1 +7%))” — dilog(1 +7*) —
_ = 2
= RN
L E. 1
2 2 2
gr_r: | 5 _E(I)U[]'_}Ehl(l +F )]

* We have used —and will keep using- R =1 units.
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* The fact that black holes are not formed for slowly varying
dilaton driving is not surprising.
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* The fact that black holes are not formed for slowly varying
dilaton driving is not surprising.

« When the variation becomes fast enough we expect black holes
to form — staying in the supergravity approximation. (see e.g.

Bhattacharya and Minwalla for an analysis with small amplitude
dilaton).
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* The fact that black holes are not formed for slowly varying
dilaton driving is not surprising.

* When the variation becomes fast enough we expect black holes
to form — staying in the supergravity approximation. (see e.g.

Bhattacharyaand Minwalla for an analysis with small amplitude
dilaton).

* In the gauge theory this means that so long as the ‘t Hooft
coupling is large— so that the supergravity calculationcan be
trusted — thermalization does not happen and energy is not
dissipated.
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* Holographic RG calculationof the energy yields

3N2 N2®?
E=—<T!>Ves=— -
R
*« While the expectation value of the operator dual to the dilaton
IS ) N2.
<O ¢g>=—7"79
1=0 16 °
* The Noether relation is satisfied
dE - .
— =—P5 < O)¢>
7 0 1=0

* Therefore, if we always stay in the supergravity regime —
nothing dramatic happens : when the coupling gets back to a
constantvalue — all the energy which was pumped into the
system is extracted out and we have a perfect bounce.

irsa: 09070018 Page 24/64



* What else could have happened ?

* One could repeat the same exercise for a black 3-brane with a
dilaton varying slowly compared to the temperature. This is like
changing the coupling of the gauge theory on flat space at a
finite temperature. In that case

> @g=[} o — Cl(i){)
* The rate of change of the temperature is
alr 1 -,

dt 127 °
* The temperature therefore keeps increasing — the energy
pumped into the system by a time-varying coupling gets
dissipated.

[Bhattacharya, Loganayagam, Minwalla, Nampuri, Trivedi ,Wadia (2008)]
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* Akey feature of the above calculation is the decoupling of the
various modes at leading orderin €

* This happens because we have started with the vacuum and
driving the system by banging on the boundary with a force with
frequency €

* The source on the boundary couples directly to the dilaton —
other modes are excited by nonlinear coupling s of the dilaton to
these modes.

* Since these couplings necessarily involve derivatives of the
dilaton, they are suppressed at small €.
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ature of the above calculation is the decoupling of the
Brevious s modes at leading order in €

Last Wiewed

==s= ppens because we have started with the vacuum and
=~ »Ithe system by banging on the boundary with a force with
Poinder Options » ncy 6

Help

wemee Urce on the boundary couples directly to the dilaton —
other modes are excited by nonlinear coupling s of the dilaton to
these modes.

* Since these couplings necessarily involve derivatives of the
dilaton, they are suppressed at small €.
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* Akey feature of the above calculation is the decoupling of the
various modes at leading orderin €

* This happens because we have started with the vacuum and
driving the system by banging on the boundary with a force with
frequency €

* The source on the boundary couples directly to the dilaton —
other modes are excited by nonlinear coupling s of the dilaton to
these modes.

* Since these couplings necessarily involve derivatives of the
dilaton, they are suppressed at small €.
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* What else could have happened ?

* One could repeat the same exercise for a black 3-brane with a
dilaton varying slowly compared to the temperature. This is like
changing the coupling of the gauge theory on flat space at a
finite temperature. In that case

< O >= 19y

* The rate of change of the temperature is
o s
dt "

* The temperature therefore keeps increasing — the energy
pumped into the system by a time-varying coupling gets
dissipated.

[Bhattacharya, Loganayagam, Minwalla, Nampuri, Trivedi ,Wadia (2008)]
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* Akey feature of the above calculation is the decoupling of the
various modes at leading orderin €

* This happens because we have started with the vacuum and
driving the system by banging on the boundary with a force with
frequency €

* The source on the boundary couples directly to the dilaton —
other modes are excited by nonlinear coupling s of the dilaton to
these modes.

* Since these couplings necessarily involve derivatives of the
dilaton, they are suppressed at small €.
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The Stringy Regime

* We have been talking about the regime of large ‘t Hooft
coupling,

* But we really want to know what happens when the coupling
has become small

irsa: 09070018 i 5 S r * : 5 5 —
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* In this regime of weak coupling in the gauge theory, the string
frame curvatureis large, and stringy effects cannot be ignored

dany maore

l2
—_PH/2
R.stringgg — € */2_2

RQ
~ (gvm e®O2 VN)T = A(@)] 72

We want to turn to the gauge theory to see what happens.
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Adiabatic Approximation

* The boundary gauge theory is a standard quantum mechanical
system with

(1) A slowly varying time dependent parameter — the coupling

(2) The instantaneous Hamiltonian has a discrete spectrum with
a gap above the ground state.

* This latter follows from the fact that the theory lives on S? and
that the states form a unitary representation of the conformal
algebra for any value of the coupling.

* The appropriate approximation scheme s the Adiabatic
Approximation.
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* |n this regime of weak coupling in the gauge theory, the string
frame curvatureis large, and stringy effects cannot be ignored

dany maore

=
R.stringzg — € */2_2

RQ
~ (gvm e®O2 VN)T = A(@)] 7

We want to turn to the gauge theory to see what happens.
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Adiabatic Approximation

* The boundary gauge theory is a standard quantum mechanical
system with

(1) A slowly varying time dependent parameter — the coupling

(2) The instantaneous Hamiltonian has a discrete spectrum with
a gap above the ground state.

* This latter follows from the fact that the theory lives on S? and
that the states form a unitary representation of the conformal
algebra for any value of the coupling.

» The appropriate approximation scheme s the Adiabatic
Approximation.
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* Consider a hamiltonian H(((t)) which depends on a time
dependent parameter C(t) Consider the eigenstates of the
instantaneous hamiltonian H(C)

H(C)|om(C) >= Em(C)|om(C) >

e The Adiabatic Theorem implies thatif ¢ — (o in the far past,
and we start with the ground state |¢y >of H({) inthe far
past, the state atany time { is well approximated by

|¢U(t) 2 ocom |®0(C) > e—if_ng(q)dt

where |0g(() > is the ground state of the instantaneous
hamiltonian corresponding to ( = ((t) . Eo(¢) is the value of
the ground state energy for ( = C(t) :
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Adiabatic Approximation

* The boundary gauge theory is a standard quantum mechanical
system with

(1) A slowly varying time dependent parameter — the coupling

(2) The instantaneous Hamiltonian has a discrete spectrum with
a gap above the ground state.

* This latter follows from the fact that the theory lives on S and
that the states form a unitary representation of the conformal
algebra for any value of the coupling.

» The appropriate approximationscheme s the Adiabatic
Approximation.
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* Consider a hamiltonian H({(t)) which depends on a time
dependent parameter Q(t) Consider the eigenstates of the
instantaneous hamiltonian H(C)

H(C)|om(C) >= Em(C)|om(C) >

e The Adiabatic Theorem implies thatif ¢ — (o in the far past,
and we start with the ground state |@y >of H({) inthe far
past, the state at any time ¢ is well approximated by

[°(t) > |go(C) > et |- Bo(Q)dt

where |0g(() > is the ground state of the instantaneous
hamiltonian corresponding to ( = ((t) . Eo(¢) is the value of
the ground state energy for ( = C(t) :
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* The leading corrections are given by

|1D1 >— Z an chn —if-x' e

n+0
* Where

< (Dn [ |@U( ) —,;f (Eo—En)d
f s ", =

* This correction is small provided
| < @n| |¢’0 > (| < (B — Ep)’?

* Note that the quantity (E; — Ej) is the energy gap between
the ground state and the first excited state.
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* |Inour case- Yang-Mills theory on 5 of unit radius, and a
time dependent coupling,

C(t) = Po(t)

* Furthermore OH -
— ~ O
0,
* Where (ﬁizﬂ Is the operator dual to the spherically symmetric
modes of the bulk dilaton. Thus the condition for validity of the

adiabaticapproximation is
| < a|O1o|d0 > ®o| < (E1 — Ep)?

* |t may be easily seen that < qbn|@;=g|cbg >~ O(N). and since
weareusing R = 1 units, (E, — E,) ~ O(1) this condition
becomes

Nex 1
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* The adiabatic approximation of course has nothing to do with
the value of the coupling constant — so this holds for weak ‘t
Hooft coupling as well.

* |f € is sosmall that this condition holds, the adiabatic theorem
ensures that at late times — when we again have a space-time
interpretation of the gauge theory — we get back AdS- x S°
with exponentially small corrections.

* Howeverthis condition Ne < 1 is much stronger than the
condition ¢ <« 1 which we used in performing the supergravity
analysis.

* We need to find a scheme which has an overlapping regime of
validity with supergravity.
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Coherent States and Adiabaticity

* The adiabatic approximation described above is good for
description of the system in terms of states of the gauge theory
which are obtained by a finite number of operators on the

vacuum — these are states containing a finite number of particles
in the bulk.

» C(Classical solutions in the bulk are, however, described by
coherent states.

* In the boundary theory these are coherent states of gauge
Invariant operators.

irsa: 09070018 Page 42/64



* A general coherent state has the form

\U(t) >=exp [zx(t) +) /\‘r(t}@fﬂ 0 >4
I

* Where @{—a-] are the creation parts of gauge invariant operators
in the theory. For example, the operator dual to the
spherically symmetric dilaton is

@{:{) — fng Fl-rI'J!‘T:m‘,r}:v‘mbr
* The adiabatic vacuum is denoted by [0 >4

* The algebra of the operators (!, together with the Schrodinger
equation determines the evolution of the coherent state
parameters x(t) and \/(¢) .

* At N = o these states which go over to classical
configurations—which have a good description in terms of local
fields in the large ‘t Hooft coupling regime.
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* Usuallythis is an impossible plan to implement. The algebra of
the operators is complicated and they all couple to each other.

* |n our situation, however, the dynamics of these modes are
driven entirely by a time dependent coupling constant. This
directly drives the dynamics of the mode which comes with the
operator @;zg ;

* Other modes are excited due to non-trivial 3-point functions
< 010,05 > ~ 1/N
* So that the corresponding probability goes as 1/N?. However, as
we will see soon, a coherent state produced by this slow driving

has roughly O(N?¢?) quanta, so that the effective 3 point
coupling in such statesis €

* Thus for e < 1 these operators can be considered to be
independent of each other with small non-linearities.
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* To leading order in € these operators can be writtenas a sum of
harmonic oscillators

@I:D e .NF Z F(Z?’L) [Azne—i‘lnt - ‘4;!652111‘]

rr—1

[Am-r An] = [Ain AIJ =0 [Amr AL] = Om.n
[H' *Az‘n] = (2]’1) *i;n [H ‘42"] = —(QTZ)Agn

* |nthe strong ‘t Hooft coupling regime A5, creates a single
particledilaton state in the bulk with zero S* angular
momentum

* The integer n is a “radial” quantum number, conjugate to the
extra dimension. The energy of this single particlestateis 2n.

* The factor F(2n)can be determined by requiring that the above
expansion leads to the correct 2 point function

= Axr .
IF(2n)> = =— n?(n® — 1)
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* Finally, if ®¢ denotes the boundary value of the dilaton, we
have

== {14
W - _szﬂ(l){] = —NZ F(.zn)[AEn T Aén}q}ﬂ
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Consider now a coherent state of the form
[ >= N (t)elZn 42| gy >

Where N(t) Is a normalization factor.

The equation satisfiedby )\, Is

d/\ F(2n) .
= — &, +2n )\,
dt on G

The initial conditions are /\n(—-:x:) = 0 and the boundary
dilaton has the property that ®¢(—o0) =0

This equation can be of course solved exactly

F(Qﬂ) e—?ént

t = ~ !
A = — = f_ = Sp(t’) ™ dat’

: 09070018
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* However, we want to write this solution somewhat differently —
by successively integrating by parts
F 2 —2int f ) == 2
}ln(t) ———— ( H; € f {I)D(tf) E..hnt df‘r
Tl —0C

P& ™ p -
=~ " 2n |(2in)  (2in) [_x%(”e

F(?H) (I’U ‘I’U '
2n  [(2in) 4n?

* This is an expansion in time derivatives— the adiabatic
approximation we are seeking.

* Note that we have assumed that the oscillators are independent
—this isvalidfor small &, , ,. This means that only the first
two terms in this expansion are significant.
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* This adiabatic approximation is valid provided
d
—j<1l Wn
R‘i’g
* |tis clearly sufficient to have

D
=] ~e< 1
D

* Note that n is the characteristicfrequency, which is quantized
since the theory lives on S3 _If there wasno gap in the
spectrum, the frequency could be arbitrarily small and the
adiabaticapproximation would not hold.

* The condition for validity is exactly what we had in our
supergravity analysis.
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» However for this to be applicable to coherent states which
behave classically, we must also have
p T
+ Recall F(2n) [ ® @

WO = o |t et

So we must have |F(2n)®;| > n?

Since for largen, F(2n) ~ n2 so we have the condition

IN®| ~ Ne> 1
In this regime we can compare our answers with supergravity.

They agree upto numerical factors -

< @,{:g > qu’
< E >~ *Vz(@)z
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Small ‘t Hooft coupling

* The framework developed above applies to all values of the ‘t
Hooft coupling — therefore can be extended to the regime of
small couplings as well.

* Now, however, we have an infinite tower of string modes —
whose duals are gauge invariant operators which become as
important as the ones which are dual to supergravity modes.

* This is because for large A the dimensions of higher stringy
modes - and hence the frequencies of the corresponding
oscillators- are (V) as opposed to supergravity modes
whose frequencies are O(1).

* Forsmall )\ , however, the dimensions of all these modes are
comparable.
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* Nevertheless, the basic ingredients which went into our
coherent state adiabatic approximation are still in place

(1) The couplings between different oscillators are still
suppressed by €.

(2) The frequencies arestill O(1) for any valueof A, so
that the systemis always far from resonance.

(3) For Ne > 1 the states are still classical.
* |t would therefore appear that the adiabatic theorem still holds.
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0.5

After passing through the stringy region of high curvature, one
would essentially have AdS- x S° with exponentially small
corrections.
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* However, there is another possibility.

« Thereare O(N?) stringy modes (non-chiral operators), while
there are only O(1) supergravity modes.
* While individual couplings are suppressed by €, thereisa

possibility that whatever energy is transferred to these modes
may thermalize.

» |f thermalization does happen — the energy is dissipated and
cannot be extracted back when the coupling rises again to large
values.

* Atlate times one would have O(N’Zgz) thermalized energy in
the system.
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After passing through the stringy region of high curvature, one
would essentially have AdS- x S with exponentially small
corrections.
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* However, there is another possibility.

« Thereare O(N?)stringy modes (non-chiral operators) , while
there are only O(1) supergravity modes.
 Whileindividual couplings are suppressed by €, thereisa

possibility that whatever energy is transferred to these modes
may thermalize.

» |f thermalization does happen — the energy is dissipated and
cannot be extracted back when the coupling rises again to large
values.

* Atlate times one would have O(N’zez) thermalized energy in
the system.
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« Atlate times, the ‘t Hooft coupling is again large and we can use
known results of AdS/CFT to guess the outcome.

* This depends on how small € is.

s For £ « )\i'N_g the result would be a gas of supergravity
modes.

* For )\iN‘Q < €2 & )\—% one would have a gas of higher
string modes.

* For )\—% <& < 1 one would have small black holes, i.e.
Black holes whose size is much smallerthan R 4,4

* Thisis the worst that can happen —large black holes require an
energy O(N?) which is much largerthan the energy we have.

They will not form

* |n any case most of space-time would be closeto AdSs x g
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* However, there is another possibility.
« Thereare O(N?) stringy modes (non-chiral operators), while
there are only O(1) supergravity modes.

 Whileindividual couplings are suppressed by €, thereisa
possibility that whatever energy is transferred to these modes
may thermalize.

* [f thermalization does happen — the energy is dissipated and
cannot be extracted back when the coupling rises again to large
values.

At late times one would have O(N’Zgg) thermalized energy in
the system.
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« Atlate times, the ‘t Hooft coupling is again large and we can use
known results of AdS/CFT to guess the outcome.

* This depends on how small € is.

 For £ « )\Ilfj\f_2 the result would be a gas of supergravity
modes.

* For )\iN*Q < € & )\—% one would have a gas of higher
string modes.

e For )\—% e < 1 one would have small black holes, i.e.
Black holes whose size is much smallerthan R 4,9

* This is the worst that can happen —large black holes require an
energy O(N?) which is much largerthan the energy we have.

They will not form

» In any case most of space-time would be closeto AdS; x S°
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* |t is difficult to determine whether thermalization would indeed
occur —the time scale involved in interactions is the same as the
time scale by which the system is driven — and there is no

obvious answer to this question.
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Rapidly varying Dilatons

* In previous work (Awad, Das, Narayan, Nampuri & Trivedi) we
have explored a similar scenario for the gauge theory on flat
space-time instead of §3.

* Now of course the theory has no scale —so there is no sense in
which the coupling is slowly varying — it in fact varies rapidly at
some time.

* The AdS dual is now defined in the Poincare patch.
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Epilogue

* Most of recent work in this area aims to arrive at toy models of
cosmology where the meaning and physics of singularities can
be studied in a controlled fashion.

* This is clearly a caricature of cosmology — and the investigationis
in its early stages.

* The hope, however, is that this will eventually teach us
something about real cosmology.
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