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4. Al pe:ﬂmm/} effective take on 005'm0/0ﬂy

§ Goodnews and a cold shower
§ Inflation
§ Dark matter

§ Dark enerqy
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41 Some ﬂmy&/ news

§ What do peap[e :ﬂea@ Ao when fﬁey make a 005'7}40/0%0&:/ model?
— Make ufp some 1%60@
— Solve the fﬁeazy s classical equations fora cwma/oyim/ solution

— T)erﬁapy compute peﬁwﬁaﬁmy about this solution, such as to cnmpm‘e

pw’mamﬁa/ Huctuations
§ Good news:

— Since the enerqy scales are small campmﬂe&/ with M / classical
appmximaﬁm 13 wm@ ﬂOO&[

— Also (for inflation) quantum Huctuations of order H | My, can be small
enmgﬁ to be sensible, et /mye enmgﬁ to he observable
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2.4 Two Cold Showers

$ Tmmup lanckianism

$ Emeiyence and Lorentz invariance
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2.4 Two Cold Showers

§ 'Tmmzp/&mc@'ﬂm}'m
— [ess concrete version: Since we don't understand quantum ﬂmu@

(atshort distances), how do we know that frans- Planckian p@w’cy
;/ecoup/ey from /0@~wave/enjz% @ﬂ'ey?

§ Cannot answer for sure without Nowing the p@ﬁcy above the

DPlanck scale, But:
— Tlﬂﬂns'~p/&:nc@'ﬂn p@ﬂ'cy ﬂppeam to Mecau/a/e " J'f:ﬂinﬂ 1%60@.

= @mpmem‘y of theories where &/ecauﬁﬁnﬂ Zﬂi& must also exp/m’n w@
agy um/em'z‘ﬂm%ﬂ of cwmzyfozzy is possible at all (e fﬁey are
e

a mifﬁnﬂ to an uncontrolled theorefical ervor)
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2.4 Two Cold Showers

§ Trans- p/&mc@'ﬂm}m ( cayma/aﬂim [ exceptiona lism)
— More fp:ﬂeciye version: Isn't coyma/agy a unique situation for which
11 0

im‘iﬂﬁ from EFTs in other aveas do not app@?

* In pmﬂﬁcu/ar: doesn 't inflation (or ?/ﬂw@’nﬂ radiation) violate /emupﬁnﬂ @
J'frefcﬁinj im’ﬁﬂ@ short- wave[e@fﬁ modes out to /anﬂe:ﬂ distances?

§ Descent of modes from ﬁiﬂﬁ enerqy is not J'ﬁc%'iﬂ/ to gravity:

— similar effects can also ﬁaéfen in other ﬁ'me~ﬁéﬁen&[9nf5'efﬁ'@5' (like the
w//apye of Landau levels E = 1 w with w < B when magnetic field
B is turned off).

— Normally the apfearance of such states has no /0w~eneiyy effects, so
/onﬂ as fZe time &éﬁemfence is adinbatic.
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2.4 Two Cold Showers

§ Effective field L%emy con 01@ mpz‘mﬂe adiabatic evolution in
the full fﬁeaiy (this is the main new condition for its mﬁ/@ )

— When L%in@'nj ahout solutions to field. equations a more useful’ way
to think ﬂéam‘infeﬂmﬁifzﬂ out a ﬁem/y ﬁ'e/&/ attree levelis as
evaluating the action with the heavy field at its vacuum solution (as

ézﬁc function of the @ﬁf jelds)

an ﬂ&ﬁﬂ
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2.4 Two Cold Showers

§ Effective field L%emy con 01@ mpz‘mﬂe adiabatic evolution in
the full fﬁeaiy (this is the main new condition for its mﬁ/@ )

— For exﬂmp[e, for the L‘ﬁemﬂy:

L= ¢>+¢? - M*Y? — g 9*y

%ynm&m tree ﬂi/'ﬂﬁ 65’\71'06

gZ

2M?

Lepr = % — O

Cwmo/oyy on the Beach Jan 2012



2.4 Two Cold Showers

§ Effective field L%emy con 01@ mpz‘mﬂe adiabatic evolution in
the full fﬁeaiy (this is the main new condition for its mﬁ/@ )

— Field equations for ﬁem/y field in the full fﬁemy:

P+ My = -2 ¢
have solutions g 2
1/) o I — ZMZ (pz _|_

and so another oy to think about L, Ff (at free level) is
Lerr (@) = L@, (@)
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2.4 Two Cold Showers

§ This makes it clear that classicalsolutions 0 fﬁe ective 1%801/'
aqree - order @ orderin 1/ M - with those of the full fﬁewy

— But more jenem/ solutions for W(@) also exist
b+ M= —Z ¢’
2
ﬁmﬂenem/ solution

l/)z cheikMt_%(pz_l_”.

and 5o equations of motion of the EFT onlh aqree with those with c;, = 0:
that is, the adinbatic solutions of the full the eory: P/ KM

Cosmolo 0qy on the Beach Jan 2012



A Cold Shower

o = meiyem‘ Lorentz invariance: can Loventz invariance be
emergent as an accidental’ symmetry at low energies, it it is

not p:ﬂmnf at ﬁ@ﬁ enerjiey

— Could L%ey be like Bﬂiﬂymmuméer conservation, which
emerqes as an accidental wmmez‘ry in GUTs an@ in the
mit M — oo?

g2
Leff = L§:.45 2 M2 qqqt
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A Cold Shower

§ Possily @, but Lorentz imvariance is not as easy to hide at /mﬂ
distances as is ﬁ’mﬂym muariance:
— Very hard to &eep L’mﬂem%wib/ﬂﬁnﬂ interactions from arising
MHJ’MﬁﬁV’éJ’J‘%/ @ fowers of 1/M

— For exﬂmp[e effectiveinteractions that ;iue @% and (V p)?
different coefficients are ww:@ not ruled out ?y other symmetries,
and avise for all pmﬂﬁc/e types with dimensionless cae/%genfy

— Constraints on such inferactions, which give different pmﬂﬁc/ey
differentmaximum Jpeeﬁé', require them to e small (somefimes
smaller than ~10729)
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4.2 Inflation

§ Classical Approximation

) Vewy @ﬁf Us 005'm0/0jim@ /ijﬁf scalars
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4.2 Inflation

) Teyﬁnﬂ the classical approximation:
& %W@ stow-roll infla tionary models ave wellwithin the classical
:ﬂeﬂime, since the scalar enerqy scale is small campmﬂe&/ with M P

— Quantum fluctuations aresmall hut pm‘enﬁﬂ@ observable

§ Notall models are ec;m@ under control (so must check on a
madel-ly-modl basis)
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4.2 Inflation

§ Models that inflate hased on ﬁgﬁewcwwtfwe interactions:
b 12 2
LM R+& R+

— inflates with R = H* = Mp2 /@
— gives @ﬁf /am’mamﬁ'ﬂ/ ﬁ[em@ Auctuations if £~ 108
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4.2 Inflation

§ What seems suspicious is that successive terms in the curvature
expansion are equa [size (and not because the first term was
ﬁmﬁcu[m@ small)

— Should the dimensionless fart of the coefficient of the R> term be order
1 or order %7

- Nm’ue@ muﬁ‘ip[e insertions of R* inferaction into /00@' shows that the
low ene;qy approximation requires (Q% /M p 2 be small, and in
particular be small for Q ~

— Time ;/epem/ence i a(t)~e"t with H ~ \{ seems hard to
understand as aqreeing with full L‘ﬁemy order @ orderin 1/M
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4.2 Inflation

) [.’iﬂﬁf, ond caymaﬂ?ﬂim@ @ﬁf, scalars

— 9t isyeneﬁm? hard to have scalar masses (and @> wupﬁnﬂ )
smaller than gﬁenelyy seale: m <LK M

— Camw/oyim /. ﬂppﬁm tions require more: since fﬁey require
m < H~M?*/M,

— Sensitive fo 'Planck S/Oﬁ "

Leff == VO —W (pz _|— -
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4.2 Inflation

) Opportunities:
— RBecauseitis hard, but not impom’é/e, to have scalars this @ﬁf ( Z
almost 90 lstone hosons, supe mymmez‘m’c scalars or extra-
dimensional modul;) fﬁey are an opfortunity: focus on those

models for which such scalars ave natural

— Since P/&mcés'/op can be z’mpo:ﬂfam‘, it is worth ex /om'nj sensible
unde r@inﬂ theories (like J'L‘rinﬂ fﬁemﬂy] o see if £ ey can avoid
pm&/ucinﬂ it

o Can be done, and tend to find many scalars, of which more than one

becomes cwmgfaﬂim@ @ﬁf ifone does, Newyiﬂmé' & mechanisms?
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4.3 Dark matter

§ Dark matter vs modified gravity;

— Since the evidence for dark matter and dark enerqy is all based on
how fﬁey gravitate, it seems much more attractive lo mo&ﬁ'@ gravity
than to pw’fu/ﬂfe two kinds of new stuff

§ True, but the devilis in the details:
> Nm‘omw@ difficult to J'Bnyié@ ma&ﬁ'@ gravity at /0127 distances,

due to the delicate com'i}'fency hetween c/uﬂnfwm mechanics and

specia /) m/ﬂﬁu@
—  No extant pmpam& account for all of the evidence for Dark matter

- ﬁ’y contrast pﬂrﬁc[a/ym/ﬂr dark matter candidates are easy
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2.2 Dark enerqy

§ Exﬁﬂeme@ /ijﬁfym/am' w Leo van Nierop
Idea: hep-th/0304256, hep-ph/0404135

mechanism: 1012.2638; 1101.0152; 1108.0345
some implications: 1103.4556; 1108.2553

§ The cmeyjim/ A pmé/em

— NOV’WMI@ these are :ﬂeymﬂ&[%/ as wo im[epem[enfém/ L‘ﬁi@y;

— 9 claim the J'ecanﬁ/impﬁey the ﬁ'm'f (and may make wimp dark
matter Mnﬁke@, amonyg a host of other observable pre&/icﬁam] :
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2.2 Dark enerqy

§ The caj'mafajim/ constant proé[am
— Jsvery &/}'7%”/1‘ because it requires modi ing froperties of how @ﬁf
pﬂrﬁc/ey, ke e[ecz‘mnymw’fa te withou ruining the success of our
non-qravitations (un em‘ﬂmfi@ of these pmﬂﬁc[%'

— %f;@ lme is that there is no known solution, so i mnnofyef be used
i, 1’5’1‘1’@011’5% amony p:ﬂopomé

) My claim:
— A solution exists ifz%e:ﬂe are two extra dimensions, as /mye as L‘ﬁey
can be (micron sized),

— that are also J'Mpemymmefm'c
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2.2 Dark enerqy

$ f]wéﬁnﬂ down

— There is no evidence et for extra dimensions, lef alone /mye ones.

— Thereis no evidence yez‘ that J'Mpem'ymmez‘ry p/ﬂyy a role in nature

" when you have eliminated the im/oayyié/e, whatever remains, however

impmé&:é[e, must be the truth, " - A Conan 770y/e
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2.2 Dark enerqy

§ 7’(/@ can extra dimensions ﬁe/p 4

The CC Problem in essence:

Einstein's equa tions make a lorentz-invariantvacuum enerqy (which is
ﬂenerim@ /mye ) an obstraction to a 0/05'e~f0~][/m‘5pﬂceﬁme (which we

see around us in 005'm0/0yy]

Tuv =A Iuv
Guv = 8nG T,uv

But this need not be true if there are more than 4 dimensions!!
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2.2 Dark enerqy

§ 7’(/@ can extra dimensions ﬁe/p 7

— Neednot be loventz invariant in the extra dimensions
— Vacuum enerqy miﬂﬁf curve the extra dimensions, rather than the
ones we see in coymaéﬂy (like the gravity field of a cosmic string)

g
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2.2 Dark enerqy

Nofice: this framework manages

to mw/@ how L‘ﬁinﬂy on the éZﬁme

— Similar (classical) exam jmw'fa le wifﬁwfyfmnﬂ@
40 source (or brane) situ maﬁé@mﬂ other iteractions
boll omd related solutions)

§ A ﬁ@ﬁeiﬂ%/imem'ianﬂ/ ana

Darticles can be localized

on surfaces (branes or

defects)

Gmu@ AL
5'1'7}41’/&::@ localized

').l
-
é
48
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2.2 Dark enerqy

$ 4 ﬁ@ﬁeiﬂ%ﬁ'menﬂbnﬂ/ mm/aﬂ:
— W@ is the brane flat ﬁ[%pife there éeinﬂ tensions on the branes?

R = —2k* ETi 6%(x;)

4Dcc=ZTi+2iK2fd2xR
=0 forall T,

L+
e
é
a \
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2.2 Dark enerqy

§ A4 ﬁ@ﬁew&/imemiam/ ang Remar@é@; this is ﬁw'fié[e it

fﬁf,y are smaller than 45 \wm and

— Classical bulk ﬂﬁwﬁ' to ca omfinmy pmﬂﬁc/eyme stuck on
— Quantum bulk effects are QAT

Rec/w':ﬂey;

- radius as /mye as micron size (cc size)
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2.2 Dark enerqy

§ ﬂ{ ﬁ@ﬁgw..;/jmgnﬂbnﬂ/ ana R&ﬂ?ﬂf‘(ﬂé@: l%ij' is consistent
with the e[ecz‘mwméﬁiemm@ if
— Classical bulk ﬂ% usts to ca p:ﬂeciye@ two dimensions are this
— Quantum bulk eﬁ%cz‘mre /ﬂlye, since M, = Mgzr
Rec/w':ﬂey;
- radius as /mye as micron size (cc size)
- at most two dimensions
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2.2 Dark enerqy

§ 4 ﬁ@éey'.. e Otherwise bulk cannot :ﬂwpon&/ to

branes,
— Classical bulk ﬂﬁwﬁ' e Technical gé'ﬁ%u@; bulk ﬁ'e//y
— Quantum bulk effects are ﬁﬁuelye at brane foositions

Rec/w':ﬂey;
- radius as /mye as micron size (cc size)
- atmost two dimensions

- hack-reaction of the branes
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2.2 Dark enerqy

§ 4 ﬁyﬁg;ﬂ%ﬁmmﬂ'm&,/ o Forseveral reasons, inc/wﬁ'nﬂ
ﬁ:ﬂé}'&/&ﬁ'nﬂ a cwmgfaﬂim/ constant

— C/mj'im / éu/é ﬂ%’wff e in ﬁ@ﬁeiﬂ pﬁ'mem’iam'
— Quantam bulk eﬁ%cz‘ymﬂe :
L L 1

- _ﬁ g [Rﬂ'fN T aﬂ“f GI) BN (D:| N 1 63'-_(;5 Fﬂ..g{NFMrN _

- at most two dimensions
- hack-reaction of the branes
- supersymme fiy in the extra dimensions

0
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2.2 Dark enerqy

§ 4 ﬁ@ﬁg;ﬂ%ﬁmmﬂ'mﬂ/ o Otherwise the extra~dimensional
adjustments arve obstructed @ flux

— Classical bulk aﬁwﬁ' 1o ca o]mnﬁzaﬁon
— Quantum bulk eﬁ%cz‘mre

Rec/w':ﬂey;
- radius as /mye as micron size (cc size)
- atmost two dimensions

- hack-reaction of the branes

').l
-
é
48

- 576:@7}4%9 try in the extra dimensions
- flux localizable on the branes
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2.2 Dark enerqy

The Mpyﬁm‘:

— A sufficient condition for a c/ﬂﬂ'icﬂ@ flat brane is the absence of
brane cnupﬁnﬂy to the dilaton (a 60 scalar related to the jmw'fm
@ 67 J'Mpem'ymmeﬁy]

— This condition is stable @m'm'f Méifmw brane /aopy (and this is
w@ the electron doesn 't bite us)

— Bulk /Oopy are J'Mppm:veﬁ/ @ supersymmetry, ém/inﬂ o a generic
contribution that is of Kaluza-Kleinsize: 1 /7%
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2.2 Dark enerqy

$ Mﬂ@ J'friémﬂ observational. J'iﬂmfwey:

— Deviation of Newton's law (crossover fo 1/1* from 1 /12 af
micron distances (present imits are around 45 microns)

— M'm’nﬂ enerqy at the LHC and . mfmp@ﬂ'w ( exi}ﬁ@ bounds
require M, > 10TeV

— Fxcited. string states (or Quantum Gravity ) atthe LHC

-~ Proba é@ a vanilla Standard Model 7—@yy

— - Low enerqy supersymmetry wifﬁcm‘mperpmﬂﬁaem for mﬂ&é’m@
parﬁc[ey (o selectron, WM@; ete)

s Ve@ @ﬁz‘ Rrans-Dicke-like scalar and. c;m’nfeﬂ'ence 005'm0/()ﬂy

2 2 A
— Ster [9 neutrinos? Comoa/oyy on the Beach Jan 2012



2.2 Dark enerqy

§ What's the cateh?

B Wez’née:y s no-qo theorem

— Didn't we see ﬂ%l%ij' fm’/ ée][mﬂe my dimensions?

— What about Nima's general. mﬂjumenf@m'mf extra dimensions?
— What stops proton /Zm 7

— How is inflation pam’é e?

— Aren't ﬂmﬂw&mﬂe Brans-Dicke-like scalars aﬁﬂem@ ruled out?

— Don't constraints aﬁﬂe&w@ force the cc to be smaller than 1)1+ 7
— .. ...
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COJ’WIO/Oﬂy SUMmary

§ Effective field theories organize how to think about how

ﬁ{qﬁﬂeneiyy p@w’cy mgﬁf effect comw/oyy
— 9][ an EFT then some Opﬁam are more %9@ than others
— Y not an EFT must get control some other Way over quantum

ond classical corvections

§ ﬁzﬁ%iﬂmj levels 0@%}'&/&”406 for inflation, dark matter and
&/m% enerqy
— Cwmo/cjim/ constant proé/em s o é@ clue, and. 5’Mﬁ€7’WWW€fMC

extra dimensions seem the on@ way around it
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Conclusions

§ 9 you have a fﬁeo:ﬂy of quantum gravity, use it eﬁ[ecﬁve@/

— Observable consequences are at low energics, and all z’mpﬁmﬁbm‘
(desived and MI’I&IZJ’WB&/] most efﬁciem}/y identified with an EFT
= 7%5'1‘@ the domain of mﬁ';ﬁ'fy of the classical approximation

§ Naturalness issues i;/enﬁ@ when s'pecm /; ][Eﬂ tures are rec;m’:ﬂe&/ 0][
the /0w~eneiyy world,

— Cases that need care include @ﬁfym/mﬂy, lorentz w’a/ﬂfinﬂ effects, and
50 0N

o

$ L’owem'nﬂ the ﬂmwfy scale allows novel’ w}&gy to sufyfpress
quantum effects fﬁmvgﬁ fowem' of M ; /M,

— Extra dimensions may e just around t

e corner, . .



Muc ﬁm'ﬂ racias!!




