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* Basic cosmology and dark energy

e Simplest dark energy model

* Introduction to screening mechanism

* Dark energy models as EFT
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e Physics — General Relativity M; = 1/(82G)
M} | Ly,
S=|d*/—g|—R+L - R ——g R=—~
|eema| S ST

* Observations — Isotropy & Homogeneity in space — Cosmological Principles

on super large scales ~ 200 — 300 Mpc (1 pc ~ 10'° km)

Friedmann-Robertson-Walker (FRW) metric:

dr?
1 — kr?

ds? = — dt* + az(t)< + ,,dez)

Translational symmetry: everywhere in space looks the same — 1 xt— x'+ ¢!
Rotational symmetry: every direction looks the same — SO(3): x' — Oljxf
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Friedmann’s Universe

« Matter Lagrangian— Perfect Fluid: T*, = diag(—p(?), p(?), p(t), p(2))

» Continuity eqn. V  T", = 0:

p+3H(1 +w)p =0 H =

P
_pcrit,()_
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Rad (w = 1/3): pp x a™

Dust (w = 0): p; a=>

Cosmological Constant (w = — 1): p, = const.
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Friedmann’s Universe

 Friedmann equations

a> 0
3G k i 4G
H* = pP—— —=—-—(p+3P) =
3 a’ a 3
* Energy conditions: positivity conditions on energy n#: timelike Z*: null

|
Strong energy condition (SEC) (TW ~5 gﬂy) nn*>0 — p+3P>0 and p+P 2> 0

Weak energy condition (VEC) T,,n*n*>0 — p+P20 and p=>0

Null energy condition (NEC)  T,£*¢* >0 = p+P2>0
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» All forms of known matters (even A) satisfy NEC& WEC p+P >0 and p =0

H=-42G(p+P) = H<O0 Hubble always decreasing
(k = 0) NEC

IEC —> Instabilities of a system, e.g. phantom field

Negative A (AdS) =

o SECeasilyviolated p+3P>0 and p+P >0

—> Both Inflation and DE with ¢ > 0 typically violate SEC
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/A (> 0): Cosmological constant = Dark Energy

o PA
& - 3M3 =

— My ‘Cosmological Consta t
~ 1012 4 Pl _  Cosmo oglca onstan
Prac ! eV Puac o Problem |
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Dark Energy as A

Present Energy Budget
/A (> 0): Cosmological constant = Dark Energy

o PA
& - 3M3 =

26.8% Dark

Matter

M3 ]

- mological Con t nt

Do~ 10 12 ay4 $ Pl Cos oog ca Co sta 68.3% Dark —
vee Do ; Problem | Matter

CDM: Cold Dark Matter — Non-relativistic

Formation of large scale structure

WIMPs (Weakly Interacting Massive Particles)

PBHs (Primordial Black Holes)

AXxions
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- Friedmann’seq. Q= p./p, w = w(z)
H? Z Z dz
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Almost zero
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Measuring w of Dark Energy

* Friedmann’seq. Q.= p./p. w = w(z)
H2 7 7 < d /
— = Qy(1+ 27+ Q1 +2* + (1 + 2> + QDEPDE( ) PoE®) _ exp H 1+ w(@)— ]
H(% PDE.0 PDE,0 0 1 +z
| | Almost zero
Caution about neutrinos!!
7, B d dL(Z) _1
* Linear parametrization w(a) =wy+w (1 —a) (2) = d_z 1 + 7
poe(z)  _ 3 (1—a
DE — 3wt g =3w,(1-a) a=(1+ Z)_l d;, = Luminosity distance

PDE.0

wow, CDM model Tight constraints on £2pg and w(z)



Dark Energy Evidences

 Responsible for accelerating expansion of the Universe today

2011 Nobel Prize — Perlimutter, Schmidt and Riess

. No Big |
Suzuki et al. 4|Bang

2012
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Perhaps DE is dynamical...

. DESI DR2 Results (DESI 25)

—0.6 7 [ — wow,CDM
—0.8 - + Binned ’UJ(Z)

—2.0 1

_22 ! ! T = T T T T
0.0 0.9 1.0 1. 20 25 3.0 3.5
Z

Blue: no assuming a functional form of w(z)

4.0

See Nandan Roy’s Lecture

B DESI4+CMB+Pantheon+
DESI4+CMB+Union3
 DESI+-CMB+DESY5
AN _ --- DESI+CMB
\J
0 02 06 04 00 00
Wo
wn = — 0.752 £ 0.057
0 DESI| + CMB

w, = —0.8673 + DESY5




Perhaps DE iS dynamical mmm See Nandan Roy’s Lecture

 Other parametrizations of w DESI 2 . .
P (2) 512 There exists a regime where DE

behaves as a Phantom field

IIIIIIIIIIIIIIIIIIIIIIIIIIIII
O 5 A =
[ ]

- ——————
. _1’5; —— CPL: w ey _

0+ w,(1l—a

| : =)
—2.0} BA: wo + Wagrii—ap

= EXP: wy — w, +wyexp (1 — a)
LOG: wy — wg In(a)
JBP: wy + wea(l — a)

—2.5}




Perhaps DE is dynamical...

» Other parametrizations of w(z) DESI 25

—0.07

~1.0f

gT

0 0+ wy(l—a
S BA- (1—a)
90l * Wo + Wa gz i—q)2
= EXP: wy — wg +wgexp (1 —a)
| LOG: wy — wg In(a)
| JBP: wg + wea(l — a)
i e e

- —— CPL: w (i |

See Nandan Roy’s Lecture

There exists a regime where DE
behaves as a Phantom field




Perhaps DE is dynamical...

« Other parametrizations of w(z) DESI 25

.. .. = - =

N DESI + CMB + Union3
L \

10— e e e e
~ —1.57 :
% = CPL: wg + we(1 — a) q
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—2.0} BA: wo + Wagz gy

= EXP: wy — wg +wgexp (1 —a)
| LOG: wy — wg In(a)

| JBP: wy + wea(l — a)

e IOI5' - lllOl - lll5l - 12101 - '215' .

See Nandan Roy’s Lecture

There exists a regime where DE
behaves as a Phantom field

w<—1 =

Proposed models

* Thawing DE  Caldwell & Linder 05

* Emergent DE Li & Shafieloo 19+20
* Mirage DE Linder O7
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Dark Energy... H, = (67 — 74)

A ENergy

s - Mpc

- My, ~ 10" GeV Physics of Dark Energy = Low-Energy Physics
‘ On large scales, gravity (+ possible fifth
1015
Einp ~ 107 GeV force) matters

1. m, ~05 MeV 2
& _ Mp,
2

R+ ZL (. 0p, 00) + -+

A m, ~ 1 eV

1 o 1077 ev
| D If Dark Energy = Cosmological Constant /A

H() o 10—33 eV
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Quintessence Dark Energy

 Additional scalar field: pheno. extension of ACDM

_ | 44 Ml%l _l 2
S = |d*x/~¢ 5 R 2(3¢) V(¢)

o EoMofp(t) ¢p+3Hp+ V(p)=0 S

B _ Displacement Iin

1 . _ 1. ? one Hubble time
pp==B+V(§) and Py=—d7-V(p) = -1<w,= p_¢ <1 |

¢

. Vv |
» Slowroll ¢*/2 <V — H>~ — and H¢ ~ V'
Pl

V ~ m§¢2 = my<H~10"5 eV  Verylight field
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QUintessence Dark Energy Steinhardt, Wang, Zlatev 98
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Mn+4

94
e Tracker solution V(¢) = n> 2 a(t) x1* => H= t

a=1/2(RD)
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Mn+4 00
e Tracker solution V(¢) = p n>2 alt) xt* = H= "
n n
« EoMofp(t) ¢+—¢——7=0 ~‘< ) ;;:
! P" - a=1/2(RD)
9 n+4
) =Ct'r = p= and p(f—1+3a)=
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QUintessence Dark Energy Steinhardt, Wang, Zlatev 98

Mn+4 o
* Tracker solution V(@) = p n>2 alt) xt* = H= 7
n n
« EoMofp(t) ¢+—¢——7=0 ‘tf .
t P" . a=1/2RD
p 9 4 n+4
1) = (Ct — dl — 143 —
P(1) — P W+ D P %) Cn+2

Attractor solution ¢ = CtP + ¢ —> @ xt’ withyis complex

|
qu — 5¢2 4 V(¢) x t—2n/(n+2)



QUintessence Dark Energy Steinhardt, Wang, Zlatev 98

Yoz, a
e Tracker solution V(g) = e n>2 a(t) o t* :> = 7
. EoMof () ¢+ SGr Mo ’ #= 25D '
t ¢+ - a=1/2(RD)
: N e
(1) = CtP :} B = — and pf(f—1+43a) = o

Attractor solution ¢ = CtP + ¢ —> @ xt’ withyis complex

4

Py = %qﬁ + V() f=2nln+2) Py decreases slower Pr X a
than pr and py, Py x a3 o 172
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e EoS parameter n> 2
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k-essence Dark Energy

* k-essence model = clustering of quintessence

2
§ = Jd“x\/Tg [Ai” R+ P(X, ¢>] X =(9,4)

Arkani-Hamed et al. 03+04, Creminelli et al. 06, +++
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Gravity on large scales

* Accelerated expansion of our Universe today leads
to a lot of activities trying to extend gravity and

cosmology beyond ACDM
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* Accelerated expansion of our Universe today leads
to a lot of activities trying to extend gravity and

cosmology beyond ACDM
E = GM/ric”
* Gravity has been tested on various regimes :E;
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Gravity on large scales
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Fifth force

 Traditional scalar-tensor theories SM
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* For our DE to contribute to the CC. problem O -

 Traditional scalar-tensor theories SM

T8, #1 = [d‘*x\ﬁ [J‘(¢)R - —<a¢>2 V<¢>] —_

Non- mlnlmally coupling btw. ¢ and g,

. ' — | d%y. /= _ 2 _
Add matter couplings S Jd x\/7g [f(qb)R 2((345)

g/];y — f(¢)gﬂy V(¢)/f2

+ 5
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WA

Gravity is standard, but matter is coupled with ¢ via ¢T

x = (@)
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= y/w(y)

Jordan-Brans-Dicke theory
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Einstein eq. Is
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» In Einstein frame: gravity is standard S
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+ In Einstein frame: gravity is standard Sy, [/~ (@)g,,

o

m A/
Y = — VI T = () TxV, ¢  with TE—g’“’TE

T A)

A/
Exercise: Show that e — Vi(@) = @) Tx ¢ is sourced by Ty

A(¢)

Solution: &, = A(qb)zg,w S[&.) = Sepl g B + Sl Wi

1 /
Pl vl =3 |45/ T, vl = [y
= OSulgu Yl =5 SO o Einstein frame OSmlA 8 Yl = | dxy /=g —=Trb¢p

68, = 6(A%g,,) = 2A'g,fy + A’bg,, Matter-DE coupling

Uy _—_ A —Ouv
T = AT
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Quintessence coupling with matter

e Geodesic in Einstein frame ds? = — (1 + 2®)dr? + (1 — 2¥)d¥?
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Screening mechanism

e Solar system tests impose severe bounds on modifications of gravity

* Modifications of gravity are screened in high-density regime (solar system)

* In Einstein frame: &£ = — %Z””(qb, op, -++)0,90,¢ — V(P) + g(P)1,,

o Static source of mass M and ¢ = ¢(r) + @ ' P P

1. g(¢f) < 1: weak coupling

Z(¢f)<(p —c? Vz(p) + mg%(&)qo = g(P)MSP(X) 2. m(¢) > 1:large mass

\/ i Chameleon mechanism
. -

- _
@ = V)= gloy M Xp[ A ]

/:\ ZB)Ap) dar - DT 2P e )




Screening mechanism

e Solar system tests impose severe bounds on modifications of gravity

* Modifications of gravity are screened in high-density regime (solar system)

* In Einstein frame: &£ = — %Z””(qb, op, -++)0,90,¢ — V(P) + g(P)1,,

o Static source of mass M and ¢ = ¢(r) + @ P b

1. g(¢p) < 1: weak coupling
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Vainshtein screening

* Consider the cubic Galileon theory Vainshtein 72, Babichev & Deffayet 13, +++
¢ 3 8
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» EoM of ¢ (neglect gravity): Galileon symmetry: ¢ — ¢ + ¢ + b, x"

2T MAaN2 21 — g Non-linear EoM, but
L1¢+ [(—¢) (0ﬂ6y¢) ] - My, I up to 2nd derivatives

e Spherical symmetric ¢» = ¢(r) around point source 7, = — M5 (X)
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Use divergence thm.
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Ly = G4(®,X)R — 2G,x(®, X)[(OP)* — @, D] — Fy(X, D) "7 °D D D, D,

1
Ls = G5(®,X)G,, " + EGSX(CI),X)[( @)’ - 3(OP)P,, P + 20, OHP* ]

—F(®, X)eﬂvpaeﬂ’”’ﬂ’a’%cbﬂ D, 0, D

Horndeski 74, Deffayet et al. 11, Zumalacarregui and
— — oMV a ;
q)ﬂ T VM(I) X = g ()MCI)@D(D Garcia-Bellido 14, Gleyzes et al. 14 +++

e (D)HOST Theories: Lagrangian contains second-order derivatives
of a scalar field

Langlois and Noui 15, Langlois 17 +++



GW is traveling through a Medium of Dark Energy @©(7)

(Lorentz violating medium)

2 2
In general CGy 7 Clight
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GWs in Modified Gravity

o0 ® 1
. 2 _ 2 _ 2 _
GR: h;+3Hh; — 20 Vih; =0 v=0,cGw=1,m;=0

Beyond GR: generic effects on GW propagation

Source term e.g. scalars

i+ (3 WHOhy = ——cly Vihy + mih; = S(‘I’M)

a%(t) =

Effective friction term Speed of GW Effective mass term

A Test of GR and Modified Gravity



GW170817 @ LIGO = GRB170817A @ Fermi

Event rate (counts/s)

Frequency (Hz)
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Example of using the constraint c5,, = 1

« Beyond Horndeski Theories with céw =]
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Effective Field Theory approach

* Efficient way to study a perturbation around fixed background

» Effective Field Theory of Inflation/Dark Energy Cheung et al. 08, Gubitosi et al. 12, +++

ds® = — dt* + a(t)zdxl-dxi

¢(t)= const

d(7) spontaneously breaks time diffeomorphism

S = Jd“x, /=g LIt N, K, CR, ...]

ds* = — N°dt* + hy(N'dt + dx")(N'dt + dx)

The action is invariant under 3d diff.
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EFT of DE after GW170817
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| ‘; 5g%0CR 52 555, 2/; ST  — »76/(055)005562 /3/ 5g005%3]

00 _ 00
0" =1+8" skt = K" — HsF

, Creminelli and Vernizzi 17, Ezquiaga
CT = ] and Zumalacarregui 17, Baker et al. :
OK » = SK? — 5K£‘5K/’; 17, Sakstein and Jain 17 ;._

6%, = 6K!'VRY — 5KVR/2

2m;
2 2.2 2 4
MmiOK» Dmyy: —> 1 —caiy =
5K 5 = 5K* — 36KSK!'SKY, + 25K .5K" 5K 4002 = Tl N MLf



GW decay y — zr

e EFT of DE after GW170817

SEFT [d4x\/7 [

OO.

m; ()

(5g00)2

Creminelli et al. 18



GW decay y — zn

e EFT of DE after GW170817 Creminelli et al. 18

4 3 ~
() ms (1) (1)
SCE;F_T J'd4x\/7[ 00 | 22 (5g00)2 32 58005K | ‘; <5g00(3)R . 58005%2)

Most relevant terms



GW decay y — 7

e EFT of DE after GW170817 Creminelli et al. 18
4 3 ~
EFT 4 00 | 2(t) 00N\2 m3(t) 00 : m4(t) 00(3) 00
Sy = Jd x1/*[ > (5g") ; 5g"6K 4 ; (6g"CR — 68" ,)
‘Most relevant terms
~7
@ — ¥ 0.0 Ay = Ay =10"1 eV
A3 Ms, (ki)



GW decay y — zn

e EFT of DE after GW170817 Creminelli et al. 18
4 3 ~
. m (1) m3 (1) | (1)
SCETF_T J'd4x\/7[ 00 ; (5g00)2 ; 58005K | ; <5g00(3)R _ 58005%2)
Most releant terms
~7
g —}/a][a][ OZH — A3 — 10_13 eV
e A% S MI2>1 m(k1)
Vi; (P)
I — 1 — 62 2 ’
UGN 1020a§1( ) <1
H() 4807Z'C7



GW decay y — 7

e EFT of DE after GW170817 Creminelli et al. 18

[
SEF = J'd4x\/7 [ 22 (68°)° = — =08 ™6K + —— (8g"*"R - 5¢6.7 )

Most relevant terms

A aHj/' 0.770.7T o 2’%421 A, =108 eV
—— oo . . H — 3 —
S R Mg, (k1)

Beyond Horndeski is highly
constrained as DE models



Resonant GW decay y — zx

 Take into account large occupation number of gravitons Creminelli, Tambalo, Vernizzi and VY 19

» EoM of (¢, X) in the background of GW 7, = Mp /iy sin(w(i — 2))e;;



Resonant GW decay y — zx

 Take into account large occupation number of gravitons Creminelli, Tambalo, Vernizzi and VY 19

» EoM of (¢, X) in the background of GW 7, = Mp /iy sin(w(i — 2))e;;

ii—c>Vim — c2ﬁ sm[a)(t — z)](a2 az)n —

Due to the Coupllng yljd na T
2
200~ Mphi
A

p =



Resonant GW decay y — zx

 Take into account large occupation number of gravitons Creminelli, Tambalo, Vernizzi and VY 19

» EoM of (¢, X) in the background of GW 7, = Mp /iy sin(w(i — 2))e;;

2

’ Re

-1.0

T — (32 Ver — c2ﬁ sm[a)(t — z)](d2 az)yz =

Due to the coupllng yl]d na T o=

2050 Mpihf

— (N3
P = A3 1
f < 1: Resonant instability .
dzﬂ'—’ TT=> ~ e/’”: //t ~Y ﬂ
dTZ” [A—2gcosQo)lm; =0 —p P o

Floguet exponent



Resonant GW decay y — zrn

10—17

10—18

10—19

r [Mpc

1 10 102

LIGO/Virgo

\\
—
—~—
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—_—
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—
S
—y,
—
—y,
—
—y
\
—_—
-

—_—
\\

- Modification to GWs: y;; = 7;; + Ay;;

* Neglect nonlinearities of 7’'s and

- Absence of sizable Ay;; rules out

Perturbative bound: |ay;| < 10719

Creminelli, Tambalo, Vernizzi and VY 19



DE Instabilities by GWs

» Large GW amplitude: / > 1 Creminelli, Tambalo, Vernizzi and VY 20

it —c;Vim— clpsinfo(r — 2)](0; — 0))r = 0



DE Instabilities by GWs

» Large GW amplitude: / > | Creminelli, Tambalo, Vernizzi and VY 20

ii —c;Vir —c;psinfw(t — 2)|(0; — 0)r =0 => Gradient instability!

o =



DE Instabilities by GWs

e Large GW amplitude: // > 1

Creminelli, Tambalo, Vernizzi and VY 20

ii —c;Vir —c;psinfw(t — 2)|(0; — 0)r =0 => Gradient instability!

o =

e ToO naive: one needs to consider nonlinearities of 7
A, =107 eV
a
B ° a a
Vijoito;n

| |
L = ——i"0 0. 1 ] 72(07)?
. 50,70, A (Or) A2

Ty~ _
My, i Ay =108 eV



DE Instabilities by GWs

e Large GW amplitude: // > 1

Creminelli, Tambalo, Vernizzi and VY 20

ii —c;Vir —c;psinfw(t — 2)|(0; — 0)r =0 => Gradient instability!

o =

e Too naive: one needs to consider nonlinearities of 7

ap .

Up
;0,707

.2
Ty~ _
My, i Ay=10"" eV

| |
L = ——i"0 0. 1 ] 72(07)?
. 50,70, A (Or) A2

- Expand around nonlinear solution: 7 = Z+ 6 = £ = ZM"(x) 0,070, 67



DE Instabilities by GWs

e Large GW amplitude: // > 1

Creminelli, Tambalo, Vernizzi and VY 20

i — 2V — c2ﬁ s1n[a)(t _ Z)](aZ ()Z)ﬂ =0 => Gradient instability!

e Too naive: one needs to consider nonlinearities of 7

ap ap

| |
— — —pH? ] 2 2
g H 0 ﬂa]/ﬂ ﬂ(aﬂ) MP] 71'}/1] A3 — 10_13 eV

T A3 A2

;0,707

- Expand around nonlinear solution: 7 = Z+ 6 = £ = ZM"(x) 0,070, 67

7% > 0: No ghost
S0 ij AK‘ VVV'VV‘VVA‘A
7%7Y — 7979 > 0: No gradient AY \/ .



DE Instabilities by GWs

» Bound on ap: cubic Horndeski

Creminelli, Tambalo, Vernizzi and VY 20

* Absence of ghost/gradient instabilities

3.10—2\ _ J =30Hz
<:3 MC:28M@
2-1072F A
3
1-1072E
0

\ no gradients

—1-1072

—2-1072¢

—3-1072E
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DE Instabilities by GWs

» Bound on a,: cubic Horndeski Creminelli, Tambalo, Vernizzi and VY 20

* Absence of ghost/gradient instabilities

z}10—2<\\ f =30Hz
MC — 28 M@

2-10% ¢

w>/\U\/

e Surviving scalar-tensor theories as DE models
1-107%

: AN S| = [d4x\/7 [— fIOR — A1) — c(1)g™ +
no gradients

—1-1072

(5800)2

m; ()
P

—2-1072¢

—3-107%}

0 0.25 0.5 0.75 1



DE Instabilities by GWs

» Bound on ap: cubic Horndeski

3-1072

21072}

1-102 ¢

—1-1072

—2-1072¢

—3-107%}

N

w > Ayv

f =30Hz
MCZQSM@

\ no gradients

0 0.25

0.5 0.75

Creminelli, Tambalo, Vernizzi and VY 20

* Absence of ghost/gradient instabilities

e Surviving scalar-tensor theories as DE models

(5800)2

4
SEEL = [d4x\/7 [— Ff(OR — At) — c(H)g™’ + 22@

)

' VA '?

K-essence + non-minimally coupled with gravity



Modified Gravity as an EFT

On larges scale gravity is modified

fiico ~ 1077 eV Energy scale

Hpy ~ 107 eV fisa ~ 107'% eV A

‘ ‘
1 1

Infrared (IR) regime:
Effective Field Theory works

cut—oft ]wp1 o 1028 eV

On small scales (solar system) gravity behaves the same as in GR

The presence of the fifth force (on small scales) can be typically suppressed by screening mechanism

(but not necessary)
: loo(ﬂ)m
v pc
Mg






Conformal transf. and f(R)
.Under g, = Q°g,, V-8 = Q4\/Tg R =

 f(R) gravity S = J'd4x —gf(R) + 5,8, Wil

R — 6gt* i

Q_zl v,V Q] Wald’s GR book, app.D
9

df

Introduce the auxiliary field ® $ S = Jd4x,/ (D) + —(R D)

+ Sl 85 Wil

® is non-dynamical —»> EoM of ® gives ® = R with f’ # 0

This can be recast into the form S = Jd4x\ /—8 [F (P)R — V(D) [ + 5,,18,,5 W]

V(D) = _f (D) + (Df (D) Use conformal transf. To go to Einstein frame



The Web of EFTs

extension to any _ _
Scalar-tensor background o, EXtension to FLRW Scalar-tensor
' i EFT of inflation/DE | <

fﬁ EFT of scalar-tensor on | g
| | Cheung et al. 08,

| arbitrary background | neul :
 Mukohyama and VY 22, +++] L oos e e

App. for BH

Ghost condensation ;
i Arkani-Hamed et al. 04, |
| Arkani-Hamed et al. 04 |

MinkowskKi or’
de Sitter limit

FLRW limit

soft-breaking
shift symm.

iImposing shift

imposing shift symm.

symm.

soft-breaking
shift symm.

weak

‘ gauging shift
coupling limit  § '

symm.

' Shift symmetric EFT |

Salar—tensor
| gauging shift
symm.

Scalar-tensor
weak '

coupling limit

gauging shift
symm. i,
| EFT of vector-tensor | g | jon |

on FLRW |
~ Aokietal.22 |

weak |
coupling limit §

Vector-tensor extension to any
pracnm e nmmenrnmmsenmmsmmnenmeemsmsey  0ACKground
- EFT of vector-tensor on | g
{ arbitrary background
| Aoki, Gorji, Mukohyama, §
I Takahashiand VY23 |

A. r

d  Minkowski Vector-tensor
Vector-tensor limit

FLRW limit



Example of using the constraint ¢y, = 1

» Expand the Horndeski action on ®(7): S[h;;] = M?zjd“x a>(t) lhg ;;2}(\:) (@ley)z]
1_%W=Mﬁ i . , .
M2 m? = — [2XG,x + XGsq + (H® — ®)XGsy] + X°F, — 3HOX?F,
MO My 2 T X = (0,0)?
e Impose m> =0 & a(1) (i)
L,=G)(P,X) Ly=GyD,X)JP h

Ly = Gy(D,X)R — 2G (@, X)[(OP)* — @, D] — Fy(X, D) e 7D D, D, D

LS — GS((D’%%G,W/(D 3 ~ISX\ . - U U o

/1, !
4ah P ST " - LA “ a8

5 W AN 4 b . 4
Baiakia T > il N i i A W I e

" ::p:.t Creminelli and Vernizzi 17, Ezquiaga and Zumalacarregui

17, Baker et al. 17, Sakstein and Jain 17



