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In this second L2 lecture we show that the missing ingredient

alluded to in 21 is subluminality as proxy for causality
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to analite it within EFT we take V m4 l

Let's consider now smell perturbations it x ̅ at 0162
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where we can drop Elma corrections to termspresentalready and

we can drop all the 2 AT 2 2V 0

The e am for the perturbations read
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Expending in plain waves of e
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In practice the new effective metric is
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so that is broader for caso and narrower for 9 0
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Remark The I can be made arbitrarily smell to be

arbitrarily well inside EFT

What about ca ca by Galileon Symmetry

Can we have cao with c c at Can be leading



12
Let's work first in the regime a negligible so

the eq of motions read
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a solution of 19 is a plane were traveling in ni
direct
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so that looking for solutions of to cut nixi we get
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Remark regardless of sign of G can always choose to such

that sit so i e the sign isn't definite
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superluminally the bug solution IT
Not sign definite

subluminality Galileon symmetry it 0T cux can't be exact

Question Howgood an approximate symmetry Galileon can be consistently

with subluminality

Answer it's never a good symmetry

Indeed let's turn on a ca Galileonbreaking less irrelevantterm

since it IT Holt nix is stillsolution of new eq ofmotion we

can look at the e.am for the perturbations
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14 3 1 2Gt notdominatedalways subluminal if c 0 To
term

Lesson Subluminality gives a new consistency condition on EFT

orthogonal to powercounting that a priori could be
designed to make leading operator very irrelevant ones



KPIRemarks adding more irrelevant operators does notchange
the story since they are subleading corrections to the ones
considered as long as To is dosen such that it MIT

and IT m 1 and one look for d do with do m

Example calf sr ftp IIIHim

superluminality resolvable

Yes Take IT const over a region of space of size L

where SVic 5T wins over fricication Cathy
This I can't be layer than H ti.tn

19 clearly ca less irrelevantE m
then 03

In that region is the time advance in units ofcutoff is
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which gives a
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The hierarchy Gss ca enforced by a symmetry

is at odd with subluminality resolvably so
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Superluminality in here understood as bad although it's
not necessarily so as long as one does notrun in conflict
with experience and or form causalparadox via Timemachines

mathematically closedtime or light like curves This is hard

however to analyze in a controlled
way because boosting a

signal to send it back in time deforms the bkg to be contrasted

with superluminelity in Minkowski which is trivially inconsistent

for instance if wavestravelswith or againstflow
Time Machines classic setup in 151 thenettimedelayvanishes

two bubbles in two planes separated by impactponemeter b

bubble I sits in t x 0,0 plane
bubble 2 sits in t x O b plane

bubbles allows velocities

ly Ni a

projecting everything on the first bubbleplane
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hitotherbubble
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while it's cool it is also cumbersome to check on a

case by case study if time machines are possible within EFT
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Euler Heisenberg

The lesson from previous analysis on scalars is completelygenerd

Let's repeat it quickly for the EFT of massless spin 1

43 L In JEN y for simplicity we
d

We could literally repeat the story i e solve the e o.mn
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for some bkg Fun and then look for perturbations
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Exercise show that by suitable choice of bkg Far e g For

constant one must have a so to avoidsuperluminal.ty

Comment In Lower D D 3 the Q so and the positivity

of 6H coefficient are literally the same condition via

Hodge duality Specifically let's enforce F dA i e d F o

as d function f E qFrp felt e
e to be inserted

in peth integral over F now
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I plug
back in
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i e putting everything together

6 2 EE Eff dual to 9 E

1311 as 0

Comment In 0 4 EIFE with a o too by now familiar

causality arguments In D it is missing become E is 1 form

The positivity of x ̅ via D argument can be obtained

via dimensional reduction by compactifying one dimension

because An Aman a so the system is dual to a

derivative coupled scalars KKmodes see e g 1902.03250
loops



124Photons Gravity

Let's consider now an example with gravity in D 4

p
yeinsteinME Egf 214gffett
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We are interested say on the size of β
Remarks

From perturbative unitarity we maynaively expect that longe p is ok

Explicitly adding a neutral scalar e.g Sohn Blackholeseen from

far away to source gravity
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type If
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so that B1 palm would seem ok
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Hop matching 2sexternal

135 RieFF.gg BE 0cal at best



1241LThe 135 is confirmed by studying the propagation

of light in the gravitational bkg generated by the scalon blackhole

If one takes a very
boosted black hole whilesending its mess

to tero to keep energy finite the geometry seen by the

photon is the one of a shockwere

du f a Δ x2shock wave

tdudrj.fi fi faoiinatefumpin Mink

at u o

B
sources

by Tau with only non vanishing entry

Tan α Eatcut 8cg 8121 particleA located
on worldline
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B VIII α Eh 842 Poisson equation
Poretz contractions
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where 6 131 is the impactparameter of the scattering

in a diverentregulating in

the theory on Ads with Lads 00 gives logker logblaps

Geodesic ds O for I fixed and v fixedEbitda

dudv dm Δ bHal o
u

Δ b 8 ul ΔV Δ b
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Comment

This can be seen as proofof attractiveness of gravity Empy
from causality

We could have guess it based on dim analysis Rsonly relevantscale

9 Adeley AV α GnMison.gr
to

boost it ΔTget8factor
Msource 8M E fixed

20 missingonly the logb

Remenk adding now FavFor Ruer the shockwave is still

a solution of the new e o m

The difference is that one breaks the equivalence principle

different photon polaritations fall differently

140 Dn Ev Farmer Fer 0

again basically
dimensional
analysisup
to 011

41 String ΔV Effy logbly Ifp

subluminality Since one can lower b up to ball at best

there is no net Resolvable time advance as long as peds

If p 1 instead even for b on could build timemachines



LIPILet me end this 12 saying that this strategy of
bounding operators in gravity is quite general so that one

can bound as well things like e in 32 407.5597 2211.00085

42 Stately ΔV ftp.llogbher I feel

andworking harder also Rie 2211.00085 altough easier

in 1509000851 0612015 Even in the context of e g

modified gravity operators like Gauss Bonnet are

bounded by looking at g corresponding to bug thatallow

graviton to scale conversion this case the time delay is a

matrix in flavor space that one can diagonalite to extractthe

bound e g
2205.08551

Remark


