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Abstract: <span>Chameleon gravity is

a scalar-tensor theory that mimics general relativity in the Solar System. The
scalar degree of freedom is hidden in high-density environments because the
effective mass of the chameleon scalar depends on the trace of the
stress-energy tensor.&nbsp; In the early Universe, when the trace of the
stress-energy tensor is nearly zero, the chameleon is very light and Hubble
friction prevents it from reaching its potential minimum.&nbsp; Whenever a
particle species becomes non-relativistic, however, the trace of the
stress-energy tensor is temporarily nonzero, and the chameleon begins to
roll.&nbsp; | will show that these "kicks" to the chameleon field

have catastrophic consequences for chameleon gravity.&nbsp; The velocity imparted
to the chameleon is sufficiently large that the chameleon's mass changes
rapidly as it slides past its potential minimum.&nbsp; This nonadiabatic
process shatters the chameleon field by generating extremely high-energy
perturbations, casting doubt on chameleon gravity's viability as an alternative
to general relativity.<br>

<br></span>
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Overview: A Chameleon Catastrophe

Part I: Chameleon Cosmology Crash Course

What is chameleon gravity!
What is the chameleon’s initial state?
What are the “kicks” and why are they important?

Part Il: Classically Kicking Chameleons

How do chameleons respond to kicks?
How much do the chameleons move?
How fast do the chameleons move?

Part lll: Quantum Chameleon Kicks

Why do rapid mass changes generate perturbations!?
What perturbations result from the kicks?
Why is the chameleon in trouble?

Pl (_.(:wm:[n;{y_ October 25, 2012
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Chameleon Gravity

Scalar-Tensor Gravity: we must hide the scalar!

Chameleon Gravity: scalar’s mass depends on environment
Khoury & Weltman 2004
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¢ (Chameleon) ¢ (Chameleon)
57 M : M
"~ skinny chameleon = A ~ &, >~ fat chameleon = GR
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

M2 .
S = / =l [ : IR — _(v (/)) ((/)):| + Sm [.q,u,r/a wm]

2

Einstein frame: standard GR + sca!ar field (chameleon field)

Matter couples to different metric (Jordan Frame)

_ 625¢’/MP1 g,u,l/

Juv =

Pirsa: 12100125 Page 5/78




Pirsa: 12100125

Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

M2
S = / — 0« [ 21 IR — _(v (/)) ((/)):| + Sm [._(}u,uaf‘p'm,]

Einstein frame: standard GR + sca!ar field (chameleon field)

Matter couples to different metric (Jordan Frame)

_ 625¢/MP1 g,u,:/

Juv =

Adrienne Erickcek

Page 6/78




Pirsa: 12100125

Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

M2 -
S = / — O« [ 21 IR — _(v ¢) ((/)):| + Sm [.(],!1,1/377/)771,]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

~  __ _2B¢/Mp
( — €
Densities in both frames: g“” gIW

f“‘,, = diag [—p, p, P, P
TV = diag |[—p«, D«, Dx, D] )

. 36/ Mp1 \ o Q=
T

scale factor proper time

Assume FRVV in both frames:
eBe/M Pl df = eBe/ M""dt*

=

Key parameter: the chameleon coupling constant (3

Adrienne Erickcek Pl Cosmology: October 25,2012
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

ME, 1 ) :
S = / —(}* 9 By — §(v*d)) — V((/)) + S [._(],lx,ua"y[)'zrt,]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

Juv = €

2B¢/Mp)

g,u,z/

Densities in both frames:
Th = diag [—p, p, P, P]
TH = diag [—ps, Pe, Pes P Assume FRWV in both frames:
_ 0 = (ﬁf/)/Ml 1 df = (-ﬁ(/)/Ml')ldf
TH — ((}4/)’(/)/1\'11)1) T,u,’ d ’ R
* L ’ 4

scale factor proper time

=

Key parameter: the chameleon coupling constant 3

Adrienne Erickcek Pl Cosmology: October 25,2012
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

M2
ol / ! [ 21 IR — _(v d)) ((/))] + Sm [._(}u,uafly[)'m,]

Einstein frame: standard GR + sca!ar field (chameleon field)

Matter couples to different metric (Jordan Frame)

~  __ _2B¢/Mp
( —
Densities in both frames: g“” gl“/

f“u (liag [_ﬁa P, D, ﬁ]

v g|—px,p ..[ D] 6 = ePo/Mp, di = B¢/ Mp1 gy
T — ((}4/)*(/)/1\.'1.)1) g " =1E It
* s E 1/

scale factor proper time

Assume FRVV in both frames:

S

Key parameter: the chameleon coupling constant (3
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

M2 .
S = / — [ 21 lR — —(v ¢)) ((/))] + S [.q,u,uaf'/)m]

Einstein frame: standard GR + sca!ar field (chameleon field)

Matter couples to different metric (Jordan Frame)

~  __ ,2B¢/Mp
( — €
Densities in both frames: g‘w gIW

f’l' (li‘dg [_)57 157 ﬁa ﬁ]

T, = diag[—px, Px, Pxs P
v N BN B ~ ra
’ ~ a=ePtMpg  df = P/ Mergy
T — ( (_)4/)*(/)/1\1.,0 T
»* L ’

scale factor proper time

Assume FRVV in both frames:

>

Key parameter: the chameleon coupling constant (3
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The Effective Potential

Vary action w.r.t. Einstein metric: G, = 871G (T‘TV T;(zbu)
Vary action w.r.t. chameleon field: (!‘/;w 29/ Mr1 g )

. . AV 3
SH.b = — | — + = (p. — 3,
¢+ 3H.¢p i + Mo (px — 3ps)

derivative of effective potential

Thin shell mechanism: khoury & Weltman 2004

ext 111t
(bmin — %min S /8 GM
Mp, H,

int

Inside an massive body, ¢ ~ ¢\,
and the scalar force outside the
massive body is suppressed because

. = : : _ int
(0] (Chameleon) 771111'( p— \/ Illlll >> RH
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Chameleon Cosmology

Fiducial Chameleon Potential: Brax et al. 2004

ntT o> M n
o= (5)] i o ()

Evade Solar System gravity tests and provide dark energy:

M =~ 0.001eV ~ (pge)/*
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(Chameleon)
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Chameleon Cosmology

Fiducial Chameleon Potential: Brax et al. 2004

) ()
V(o) M0p|:((p ~ M= |1+ 5

Evade Solar System gravity tests and provide dark energy:

M =~ 0.001eV ~ (pge)/*

Where is the chameleon now?
g Pmat,0 = 0.3Pcrit,0
Prin = 5.9 x 10°M < Mp,
Pmin <K Mpj always!
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¢ (Chameleon)
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Chameleon Cosmology

Fiducial Chameleon Potential: Brax et al. 2004

f\/.[ nyT o> M M n
V(p) = M*ex S ~ M4 —
=t |(G) ] =01+ () ]

Evade Solar System gravity tests and provide dark energy:

M ~0.001eV ~ (pge)*/4
Where is the chameleon now?
Pmat,0 = 0.3Pcrit,0
Bmin = 5.9 X 10°M < Mp,
Pmin <K Mp) always!
Peal = 0.6 GeV/ cm®
Drmin = 8.3 X 10" M
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Chameleon Initial Conditions

During inflation: p — 3p ~ 4p;,a pins chameleon ¢ < M  Braxet al. 2004

After reheating: p — 3p ~ 0 the chameleon quickly slides down its
For ¢ >> buin bare potential anc.i rolls to ¢ > ¢nin

- , ) i
(/)_|_ 3H*(/) — —Aél)l ([)* — 31)*) — A(/) = % — ]\/[])1\/67(/)’!

1
Chameleon rolls out to Oynin <K ¢ S Mp

Hubble friction prevents the chameleon from rolling back to ¢,,,;,,

[ Free-falling chameleon

=
iv]
,-.:
o
1]
-’
@]
Dﬂ ’

Stuck chameleon!

P1min

V(g)

¢ (Chameleon)

Adrienne Erickcek Pl Cosmology: October 25,2012
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Unsticking the Chameleon

Particles in thermal equilibrium: Pgimots & Norsyeot] 72
Yo'o) 2 ) 2\1/2 amour & Polyakov
jordan—frame ~ g E (E —m ) / dE Brax et al. 2004
density P= %o | cE/T 4 1 / Coc et al. 2006, 2009
‘ ~ p)
ordan-frame ~ . P m
J f P = dE = = 14—0(—()
pressure - eE/T +1 3 T2

Define the kick function:
PR — 3DR _ PxR — 3P«R

PR PxR

A% 1]
+ —
d¢  Mp

YX(Ty) =

(./)'+3H*(/.): — [

PxR Z]

Every time a mass-threshold is crossed, the
| chameleon gets kicked!

Temperalure/Mass

fermions~
A J
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Chameleon Initial Conditions

During inflation: p — 3p ~ 4pina pins chameleon ¢ << M Brox et al 2004

After reheating: p — 3p ~ 0 the chameleon quickly slides down its
For ¢ > bumin bare potential ancfl rolls to ¢ > ¢min

- : ) i
¢o+3H,.p = — Aém (px — 3ps) = A¢p ~ % = Mpj, /6&2(/-)’73

?
Chameleon rolls out to Onin <K ¢ S Mp

Hubble friction prevents the chameleon from rolling back to ¢,,i,,

I Free-falling chameleon

(Potential)

Stuck chameleon!

P1min

V(g)

¢ (Chameleon)

Adrienne Erickcek Pl Cosmology: October 25,2012
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Kicks from the Standard Model

Every particle in the Standard Model (and beyond) kicks the
chameleon.

®there are 4 distinct “combo-kicks” with increasing amplitude

®there is a kick during BBN between n,p freeze-out and helium production
® kicks dominate over dark matter: p.r2 > p.y for T & 0.024 MeV
@during the kicks, Omin S M

| II[ITIII I HIHIIl I I]ITHIl I IIIIHI] I iIIHITl T TTTTTT I EIIIIH] I TTTIT T

0.1
0.08
0.06
0.04

Il 0.02
[

c. b.r Ww* 79,

—
~
——

2 LN L B
P B I B

O | Illl\lll | \IIIIIIl L LU 1 IIIIJIII | JIIIJI\l | IIIJIJIl 1 IIIIIJII | L L L

10== 10~ 10~* 10~= 0.1 1 10 10= 102 10*

Temperature (GeV)
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The Old Story

The kicks save the chameleon: A¢ ~ — 3 Mp) prior to BBN. rax et .. 2004

®treat kicks individually and assume that |3A¢| < Mp; < % < 1
®BBN requirement (¢pppN S (0.1/3)Mpy) is satisfied for

P S (/3 + E) Mp

16

For a wide range of initial

conditions, the chameleon

reaches the minimum of

T T R (15 cffective potential and

5 10 15 20 g8 happily lives there for the
In(a.) rest of its days.

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Old Story

The kicks save the chameleon: A¢ ~ — 3 Mp) prior to BBN. brax et .. 2004

®treat kicks individually and assume that |3A¢| < Mp, < |
®BBN requirement (¢pppN S (0.1/3)Mpy) is satisfied for

0.1\
(/)7" ,g (/H -+ —> j\/fpl

16

For a wide range of initial

conditions, the chameleon

reaches the minimum of

il its effective potential and

5 10 15 SORREEE happily lives there for the
In(a.) rest of its days.
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No happily ever after!

The standard chameleon story misses several important features:

|. Ignoring the feedback of A¢ on T'; severely underestimates
chameleon motion for 3 2 1.8.

2. Nearly all chameleons reach ¢,,;,, with a large velocity and climb
up their bare potentials.

3. The classical picture is incomplete because the rebound is violent
enough to excite quantum perturbations.

Part |l: Classical Kicks

What is the chameleon’s
velocity when it reaches @pin ?

(Potential)

Part lll: Quantum Kicks

What happens to the
(Chameleon) chameleon when it rebounds?

Adrienne Erickcek Pl Cosmology: October 25,2012 12

V(¢)
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No happily ever after!

The standard chameleon story misses several important features:

| Ignoring the feedback of A¢ on 1'; severely underestimates
chameleon motion for 3 2 1.8.

2. Nearly all chameleons reach ¢,,;, with a large velocity and climb
up their bare potentials.

3. The classical picture is incomplete because the rebound is violent
enough to excite quantum perturbations.

Part ll: Classical Kicks

What is the chameleon’s
velocity when it reaches @pin ?

(Potential)

Part lll: Quantum Kicks

What happens to the
(Chameleon) chameleon when it rebounds?
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The Equation of Motion Revisited

'’ ; dV B Px M
P ¢ [d(b +]\/fp1pR( * ;)*R)]

® change variables: p = In(a,) © = ¢/Mp @' (p) = \/(ifz,,;

®assume ¢ > (@,,in and neglect the bare potential
®recall that (p,pr/pxr) K £ S 0.1 and keep only first order in X
®use Friedmann eqn. in Einstein frame

"+ [ 4 ] —30 { ] 2(Ty)
Jordan-frame temperature: g¢,5(7'7)a’T = constant

1/3
T, [.(}*S(TJ) ] _7,,% _ Lyi ppi-y)

gxS (T.],i) 4 \

compute and invert numerically old story: €'

Adrienne Erickcek Pl (_.r:wnn[u;{y_ October 25,2012
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The Equation of Motion Revisited

" ; dV B Px M
3H,.p = — r b
¢+ ¢ [d(/) +f\/fp1pR( i ;)*R)]

® change variables: p = In(a, ) © = ¢/Mp ¢ (p) = \/(iSZr;,

®assume ¢ > (@,,in and neglect the bare potential
®recall that (p.pr/pxr) K £ S 0.1 and keep only first order in X
®use Friedmann eqn. in Einstein frame

AV N2
Jordan-frame temperature: g¢,5(7'7)a’T = constant
1/3 .
Ty ['(}*S(TJ) ] / =17 i _ L Blei—p)
“ Lows(Ty4) . x N\

. : — L
compute and invert numerically old story: ¢

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Equation of Motion Revisited

: [V B Y
o ¢ [d(/) i ]\/fplp . ( * PxR

® change variables: p = In(a, ) © = ¢/Mp ¢ (p) = \/(352”;,

®assume ¢ > (@,,in and neglect the bare potential
®recall that (p,pr/pxr) K £ S 0.1 and keep only first order in X
®use Friedmann eqn. in Einstein frame

0"+ [ 4 ] —30 { ] 2(Ty)
Jordan-frame temperature: g¢,5(7'7)a’T5 = constant

1/3
T, [!}*S(TJ) ] =Ty, i TJJ eBlpi—p)

gxS (T.],f.) 4 \

compute and invert numerically old story: ¢

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Surfing Solution

Keeping the full expression for T'; reveals a new solution!

—p + A\ a0 T 1/3 | |
G« J4

In(a, : ;
. . The temperature is constant in the Jordan frame!

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Surfing Solution

Keeping the full expression for T'; reveals a new solution!

—p+ A { s (T'y)
e = =T | —F—
o ! gxs (T )

In(a, : .
. %) The temperature is constant in the Jordan frame!

1\2 1\2
@' (p) = —% solves "' + ¢’ {1 — ((’06) ] = -3/ {1 - ((?06) ] 3

provided that (3 = 35(T)) for some value of 17;.

Pl Cosmology: October 25,2012
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The Surfing Solution

Keeping the full expression for T'; reveals a new solution!

—p+ A |: (]*S‘(T])
Y = = Tj | —F
o ! 9«5 (T )

In(a, : ;
: e The temperature is constant in the Jordan frame!

1 /! / (%,)2 ‘ (?C ,)2]
(1) — + 1 — =-306|1—- 2
¢ (p) 3 solves ¢~ + ¢ { 6 ] 3/ [ 6

provided that 3 = 35(T)) for some value of 17;.

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Surfing Solution

Keeping the full expression for T'; reveals a new solution!

P = =Ty |- -
b 9xs(Ty4)

p=ln(a,)

1/3
] = Ty )=p — ;P

The temperature is constant in the Jordan frame!

1 o (¢')? .. (90’)2]
4 f —_— —— — —— j 1_ Z
¢ (p) 3 solves @~ + ¢ [ 5 ] 3L [ 6

provided that 3 =

0.08
~ 0.06
0.04
0.02

() L lllllﬂj 1 l.'llllll [T TTITI - llJll:JJ L uuml 1 l,U.U.]J L :HU]A! L LLLLL

105 10-4 10® 10-2 0.1 1 10 10® 10% 10
Temperature (GeV)
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The Surfing Solution

Keeping the full expression for T'; reveals a new solution!

—p+ A |: (}*S(T})
p=—7 =>Tj|- :
o ! gxs(Ty )

p = In(a,)

1/3
] = Ty Ge)=b — ;P

The temperature is constant in the Jordan frame!

1 o (¢')? . (90’)2]
/ f —_— —— — —_— j 1_ Z
¢ (p) 3 solves @~ + ¢ { 5 ] 3/ { 5

provided that 3 =

0.1 f
0.08

The surfing solution only exists if GRS
0.04

. l 0.02

i . 1 I 3
AN 0 w1 R TTT ARy Tv SR ETTTT AR R TITY MR TTIT M RuTY AR
DL

10-% 10-% 10-9% 10-® 0.1 1 10 102 10% 104
Temperature (GeV)
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Surfing Chameleons

Chameleons that can surf, do surf!
®valid for any ¢; > ¢min and 2; S 0.5

¢

® solution holds until ¢ >~ Gin S M

s \
0.04 || / ‘

10-% 10-% 10-2 10-% Q.1 | 10 10y 1O 104

Temperature (GeV)
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Surfing Chameleons

Chameleons that can surf, do surf!

®valid for any ¢; > @min and Q(/-) <. 0.5
® solution holds until ¢ >~ Gin S M

0.08

A ——————————————————
m 0.06 \
a 0.04 /

/

0

\,
My

10-¢ 10-¢ 10-2 10-% Q.1 1 10 10 108 104

Temperature (GeV)

Adrienne Erickcek Pl Cosmology: October 25,2012
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Surfing Velocity

1
For every value of 3 > 1.82, the surf solution has >(7g,f) = 332

H, Mp
5]

At the end of the surf
< Mpy

T

surf

0.08
0.06

l () 2 i (Chameleon
/ 0.04
| | \ | | I 0.02

r)_ rg y / . é; () O il ool Ot ool ol
- § 0.1 1
C

LO2
) 10-% 10-* 10-3 10-®
hameleon coupling constant (f) Temperature (GeV)
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What if the chameleon can’t surf?

Return to chameleon equation of motion for ¢ > ¢nin:

1 d 3

a3 4t ; — T s FMx 2.1
23 dt (a*(/)) MP]P rY(Ty)

Integrate twice: Ad¢

e’ dr [
— —3 i —_— 2 T b Gl i ’*
Mp) { /1 x° /1 (T|p(ax, ax])da

But we can’t use that because 1’y depends on chameleon’s motion:

If B|A¢| < Mp,

A(/) — —1.58(”\/[1')1
®works well for 3 < 0.7
® underestimates A for larger (3

Pl Cosmology: October 25,2012
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What if the chameleon can’t surf?

0.1 Fgr I ‘}.'
0.08
0.06
0.04
0.02

For larger (3 values:
® motion of ¢ affects 7'y
® slows Jordan-frame cooling

® extends duration of kicks
® the surfer is the limit

7p]
=5
k-
.
o
-
Qo
o)
e
&
-
©-
4

chameleon coupling constant (f)

Adrienne Erickcek Pl Cosmology: October 25,2012

Pirsa: 12100125 Page 35/78



Pirsa: 12100125

Impact is difficult to avoid!

The kicks move the chameleon toward the minimum of its effective
potential, but does the chameleon always reach it?

ofirst 3 combo kicks give A¢p & — 3 Mp) prior to BBN

® last kick gives A¢ <& —0.56(3Mp; during BBN

® to avoid messing with BBN, ¢ppn < (0.1/3)Mp)

ofor(3 > 0.42, ¢pppn < 0.56 Mp;: the last kick takes ¢ < Gpmin

®for smaller /3 values, avoiding impact requires

(/),,1 0.1
Mo AR 3
with A >~ 1 for the standard model.

Only weakly coupled (3 < 0.42)
chameleons can avoid impact, and the
initial condition must be finely tuned
based on the entire particle content of

the Universe! Pnin & (Chemeleon)

Adrienne Erickcek Pl Cosmology: October 25, 2012
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Impact is difficult to avoid!

The kicks move the chameleon toward the minimum of its effective
potential, but does the chameleon always reach it?

®first 3 combo kicks give A¢p & — 3 Mp) prior to BBN

® last kick gives A¢ <& —0.56(3Mp; during BBN

® to avoid messing with BBN, ¢ppn S (0.1/5)Mp,

ofor(3 > 0.42, ¢ppn < 0.56 Mp;: the last kick takes ¢ < @pmin

®for smaller /3 values, avoiding impact requires

i 0.1

A+ 0.56)8 < A
(A +0.56)( Mo +- 3

with A ~ 1 for the standard model.

Only weakly coupled (7 < 0.42)
chameleons can avoid impact, and the
initial condition must be finely tuned

based on the entire particle content of & / I¥_

the Universe! b

Adrienne Erickcek Pl Cosmology: October 25,2012
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Fast-Moving Chameleons

Chameleon Velocities at Impact (¢ =~ ¢y, )
1 1 I

1 !

BBN Forbidden

1.3 & 2.3
(/).,‘ /j\ 1] ']
®nearly all chameleons are kicked to ¢ >~ ¢ppin

02t 6 = dmin s b~ GeV2 > M2 ~ 10-24Gev2 RS

N R S
5 10 15 20
B

A AT
LA

®adding particles will increase the chameleon velocity!

Adrienne Erickcek Pl Cosmology: October 25,2012
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A Classical Impact

Now that ¢ ~ ¢,i, , We need to consider the chameleon potential:

M\’
V(¢) = M*exp [() ] with M = 0.001 eV

¢

During the kicks, 0.13M < ¢min S 0.62M, but the chameleon
doesn’t stop there - it's moving too fast!

The chameleon rolls up its potential until V(¢,) = ¢* /2

- -1/2
27 . (/)"
0.085M 5 ((/);, =M lln (2]”.1)] ) S 0.11M

Pl Cosmology: October 25,2012

Pirsa: 12100125 Page 39/78




Pirsa: 12100125 Page 40/78



Pirsa: 12100125 Page 41/78



Pirsa: 12100125 Page 42/78



Pirsa: 12100125 Page 43/78



Pirsa: 12100125 Page 44/78



Pirsa: 12100125 Page 45/78



Pirsa: 12100125 Page 46/78



Pirsa: 12100125 Page 47/78



Pirsa: 12100125 Page 48/78



Pirsa: 12100125 Page 49/78



Pirsa: 12100125 Page 50/78



Pirsa: 12100125 Page 51/78



Pirsa: 12100125 Page 52/78



Pirsa: 12100125 Page 53/78



Pirsa: 12100125 Page 54/78



Pirsa: 12100125 Page 55/78



Pirsa: 12100125 Page 56/78



Pirsa: 12100125 Page 57/78



Pirsa: 12100125 Page 58/78



Pirsa: 12100125 Page 59/78



Pirsa: 12100125 Page 60/78



Pirsa: 12100125 Page 61/78



Pirsa: 12100125 Page 62/78



Pirsa: 12100125 Page 63/78



Pirsa: 12100125 Page 64/78



Pirsa: 12100125 Page 65/78



Pirsa: 12100125 Page 66/78



Pirsa: 12100125 Page 67/78



Pirsa: 12100125 Page 68/78



Pirsa: 12100125 Page 69/78



Pirsa: 12100125 Page 70/78



Pirsa: 12100125 Page 71/78



Pirsa: 12100125 Page 72/78



Pirsa: 12100125 Page 73/78



Pirsa: 12100125 Page 74/78



Pirsa: 12100125 Page 75/78



Pirsa: 12100125 Page 76/78



Pirsa: 12100125 Page 77/78



Pirsa: 12100125 Page 78/78



