Lecture 4

Holographic cosmology
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Top-down nonconformal gauge/gravity duality

eExample (itzhaki, Maldacena, Sonnenschein, Yankielowicz, 1998): N
D2-branes giving 2+1 dim. SU(N) N = 4 SYM theory

1 2 1/2
ds2ring = / - dt? + da? —|—dy2)—|—H 12(dr? + r2dQ2)
g2, Ma/? g2, N
Ha(r) = 14dp= o =14dy~ 005
e? = H21/4

edecoupling limit: r — 0,a’ — 0, U = r/d/ fixed, and ¢2,, =
gs/vVa'. Then, drop the 1 in Ho, so 3+1 dim. +Qg

ds2 2 U2
—string - _ (- At + da> +dy2)+R2—U + R2dQE
(87
N
R2 — a/\/dQQY(]\]4

eduality is holographic as well (d+41 gravity — d field theory)
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Phenomenological (bottom-up) gauge/gravity duality:
cosmology

eUsually: assume 4 holography in AdS space, write perturbative
phenomenological gravity th. in AdS space (gravity 4+ other
fields) = by holographic map, dual nonperturbative field theory
has desired properties.

eBUT: we can also imagine opposite map: define perturbative
field theory phenomenologically. Then, by holographic map,
nonperturbative (quantum) gravity is defined implicitly.

eCosmology: 3 spatial directions (z, y, z, with fluctuations h;;(z,y, 2, t))
+ time t.

eBut: double Wick rotation needed: (t,z,y) — (x,y,2); r — t.

e[ hen, inverse RG flow in momentum U < r evolution — time
t evolution.
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eInflation (exponential expansion a(t) x eft, or power law a(t)
t", n > 1) is considered almost a “Standard Model” of cosmology,
since it agrees with data (CMBR fluctuations) and solves a set
of classic “puzzles’ of Hot Big Bang cosmology

eBut there is an extension of inflation into the strong gravity
domain, where it can be dealt with holographically (in AdS/CFT
or gauge/gravity duality): holographic cosmology

eModel by P. Mc Fadden and K. Skenderis (2009) offers a phenomeno-
logical set-up in this extended paradigm: use 2-+4+1d theories
with “generalized conformal structure’” and fix parameters from
CMBR data.

eDifferent parametrical fitting than A—CDM with inflation, but
fit to CMBR is as good (x2 of 0.5 difference, 824.0 vs. 823.4)

eCould be improved by lattice calculation at intermediate cou-
pling (Skenderis et al., in progress)

eBesides, the classic puzzles of Hot Big Bang cosmology solved
by inflation are also solved in holographic cosmology
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Holographic cosmology (McFadden, Skenderis, 2009)

e\Wick rotated cosmology (" cosmology/domain wall correspon-
dence”), for t — z

ds® = +dz? + a®(2)[6; + hij(z, @)]dz'dz?
®(z,%) = ¢(2) +d6(2,T)a,
with g = —iq, K% = —k?. h;; and 6¢ — fluctuations.

eThis has a (phenomenological!) gravity dual; Wick rotation
implies ¢ = —iqg, N = —iN.

oeCMBR observations: power spectra of perturbations Yij and ¢
(gauge inv. combinations of h;; and §¢)

2 (13
A%@) = 5 5@
3

A2(q) = 2‘1—7T3<wj<qm<—q>>-
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oIf a(z) x % «+— a(t) x eflt: inflation, approx. de Sitter: treated
by Maldacena, 2002, via a type of Wick rotation from Anti-de Sitter
(AdS).

e The AdS Witten prescription Zcgr[do] = Zagsldo] = e Ssugraléléol]
becomes the dS Maldacena prescription (map)

ZceTlhij, ¢ = Vlh;j, 9]

for the CFT partition function Zcgr (with 3d sources h;j, ¢) vs.
the wavefunction of the Universe W (path integral up to surface
with 3-metric h;; and ¢, at time t).

eBut, prescription can be extended to nonconformal theories (Sk-
enderis et al. works) — a(z) x 2" < a(t) < t". Moreover, as for
usual AdS/CFT, assume it is valid at any coupling, including
strong (nonperturbative quantum) gravity.
e [ hen, new model: CMBR perturbations generated during a
strong gravity (non-geometrical) cosmological phase
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e A holographic (strong gravity — perturbative field theory) calcu-
lation, either direct, or based on Maldacena’s map Z[®] = WV [D],
extended to this case, gives

2 ¢
N = _
5(0) 1672ImB(—iq)
2q3
NZ(q) = —
(@) 2ImA(—iq)
(we used 2 = —k2, § = —iq), where
(Tij (DT (=q)) = ADNj5 + B(@)mijmi
1 q;4;
M0 = (k™) — Eﬁijﬂkl , Tij = 0jj — 6—2

eEuclidean field theory is super-renormalizable SU(N) gauge
theory, with A; = A%T,, oM = ¢*MT,, v+ = LT, and “general-
ized conformal structure” — dimensions contained in ¢q only, and

2
through g2 = %.
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eAction is phenomenological (most general super-renormalizable,
with " generalized conformal structure™)

1 . . _ .
SQFT == /d3$—|—r IEEJFZ] + 5M1M2Di¢M1DlCDM2 + 26L1L2wL172Di¢L2

_ 1
+V29yapnrnor, @Myt 4+ gg%M)\Ml,_.M‘lCDMl...CDM“]

1 1 iy , .
— —— d3£IZTI’ laFijF” _|_ 5M1M2DZ,¢M1D2CDM2 _|_ 25L1L2¢L171Dz’¢L2
9y m

— 1
+V2unrr,n, ®Mplrpls 4 EAMl...M4¢Ml---¢M“]

e [ hen, calculate in field theory

1
Alg, N) = @N°fr(ger) , Bla,N) = 2a’N*f(gerr)
Fgée) = foll— frgdeIngae + fag5e + O(gaer)]
fT(ggfr) = fro [1 - legng In ngr + fT2962:ff + O(ggff)]

which implies the phenomenological parametrization (g, g«, 3, g1, BT
depend on g,,, N, Ns, Ny and X's, p's)

AQ

5, A7(q) =
gTq
( ) 1 + I ‘BTQTQ*

AZ(q) =

1+9q In |-




eWhy is spectrum almost flat (like for inflation)? Generalized
conformal structure! Only g2 = g?N/q quantum corrections
allowed, so if ggﬁ is small (perturbative QFT, so nonperturbative
gravity), only corrections appear as above.

eComparison to A — CDM —+ inflation:

4q
gx*

q ns—l—l—%ln
AZ(g)(infl) = AF ()

gx
with ns — 1 < 1. Then AZ(g)(infl) o< ¢"s™1 ~ 1 — (ns —1)Ing
and A2(q)(holo.cosmo.) < 1/[1+ Alng] ~ 1 — Alnq as well.

eYet fit to data sufficiently complex that it can distinguish them.
eNevertheless, fit to data is as good as A—CDM with inflation, X2
of 824.0 vs. 823.5, and fixes parameters (N, g2, and simplified
couplings).

eFind that ggﬁ is not perturbative for [ < 30 = exclude it from
the fit. To put it back: need lattice calculation (in progress).
(Afshordi, Coriani, Delle Rose, Gould, Skenderis, 2017)
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eAnother quantity needed here: global symmetry current corre-
lators, giving

GM(Q)iP (=) = N2q6 P, £ 1(92)

where again

fJ(ggfr) = fJo {1 - leggfr In ggff + fJ29§ff + O(ggff)}

eFor that, we need a global symmetry (restrict the phenomeno-
logical model)

o\Will be related to monopole perturbations
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Hot Big Bang puzzles and their solutions in
inflation

1. Smoothness and horizon: Universe is smooth, and d cor-
relations > horizon: observed correlation size 2rgy/ horizon dis-

tance dy at Is (last scattering), today gives

_ 2ry(to)

dp(to)

Inflation: expansion with a(t) < ", n > 1 or et = scales
expand exponentially and dy(t;s) o elVe,

~2(1 4 2)2 =72

2. Flatness problem:

Q(t) — 1 = § ~ (L)Q ~ $2(1-p)
a(t)?H(t)? ~ \a(t)

needs p > 1 or a(t) x et (inflation) to decrease to RD era,
then increase until now:

aoHo

2
Qo — 1= (QAty) — 1)e 2 (—““I)Hf)
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3. Relic and monopole problem

-Monopoles: direct searches: 4 < 1030 monopoles/nucleon =
< 10739 monopoles per volume dilution (at phase transition, the
Kibble mechanism gives ~ 1 mon./nucleon) = need dilution by
N > In 1019 ~ 23 e-folds (for phase transition, before the end of
inflation).

“Relics: Not over close the Universe =< 1011 reduction in
volume since phase transition (when 3~ 1 relic/nucleon)

4. Entropy problem: Sy (tggn) ~ 1093, but at phase transition,
~ 1/horizon. Inflation: large growth of entropy during reheating,
and exponential expansion increases entropy in horizon.

5. Perturbations problem: CMBR pert. are classical, and
were super-horizon in the past. Inflation: scales « et but H ~
const. = scales get out of horizon.

6. Baryon asymmetry problem: (Np — Nj)/Np ~ 1077, Its
creation needs interactions out of equilibrium. Inflation — true
(fast expansion) and 10~9: S; ~ 10°9.
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Solution of puzzles in holographic cosmology
1. Smoothness and horizon problem

eJ nongeometric phase, but at the end - geometrical.
eHolographic map nonlocal, even though field theory is causal
and local — generates apparent nonlocality.

eField theory finite in the IR (small cosmo times) (Skenderis et
al. proof of old conjecture in 3d), so correlators are nonzero
over large distances, there is no cosmo singularity, and light-
cones coming from different regions are correlated: solution!
eSuppose it's not, define ggfr ~ 1 as beginning = constraint on
RG flow.

eMore precisely, RG flow (UV to IR) dual to inverse time evo-
lution: AdS geodesic, joining x and y at spatial distance L =
L = cR?/rg, where rg = minimum radial distance in AdS. But
r—e YR so L =cRe /R so k=2l where k is mom. scale.
e [ hen, constraint on N becomes constraint on amount of RG
flow = an amount of 107>% in k2 (or 63 e-folds) for T} ~
1016GeV: in order to avoid the large fluctuations.
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2. Flatness problem

eAgain RG flow <> inverse time evolution. We want to see then
that (grav.) perturbations decrease along the inverse RG flow
(from IR to UV).

2
oFor ggﬁ = % < 1 (late times), we find

f(ggfr) = fo <1 — flggﬂf In ggff + f29§ﬂ’ + O(Qg&))

where f1 < 0 (for best fit, and most of the theor. parameter
space) and fi; dominates over f>. But since

Fo26) xq® ~14+25Ing~1—28Ing2 + ...

we have 26 ~ fig2. < 0 = Tj; is marginally relevant, (TT) ~
> f(9g) ~ a®T?° = A =3+6. Then S = Sqer+/ d>z\3~25h;;TY.

oCFT terminology, but only generalized conf. structure, yet
same results: 0 < 0 = dilution along inverse RG flow.

eQuantitatively, same cond.: at least 10~°% of RG flow in k2 (63
e-folds) for T7 ~ 1016GeV .
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4. Entropy problem: inflation — reheating.

eNow — d period corresponding to reheating. But, in field the-
ory: obvious: dual field theory has grav. modes + SM modes:
transfer of energy from one to the other. Entropy larger in the
UV (late times) than IR (initial times) — # of d.o.f. decreases
along RG flow = arrow of timel!l. Large entropy — large N.
S1 ~ 1092 (UV) to Sy ~ 1 (IR) is a constraint. So is the fact that
S ~ 1088 « 10121 (Sy5y). S; ~ 1 in the IR is natural.

5. Perturbations problem

eAlso easier: classical (h;jhy;) perturbations in CMBR are dual
to quantum (T;;Ty;) — usual QFT perturbations. But now, no
assumptions (like QFT in curved space and Bunch-Davies vac-
uum) — initial conditions: vacuum is unique perturbative QFT
vacuum.

6. Baryon asymmetry problem. Same solution. But now: re-
actions out of thermal equilibrium: no thermal equilibrium along
the RG flow. Nr. of d.o.f. changes rapidly
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Relic and monopole problem, and (toy) models
o7 geometry. But monopole defined by topology: abstractly.

eMonopole in the bulk — vortex (top. and magn. charge) on
the boundary. AdS/CFT: True case: ‘“'t Hooft monopole” —
“true vortex”, but approx. case: “Dirac monopole” — “Dirac
vortex' .

eConstraint: dilution of monopole current 3,? perturbations in
the bulk — in inverse RG flow, of 10719 in linear size. = need
6(3) < 0. For relics, coupling to T;;, need dilution of T;; pert.
along the RG flow of 10~% — same, and less stringent, as for
flatness problem.

eBut: Aj (gauge) in bulk — j# (global) in QFT. Moreover, mag-
netic 32-“ replaced by electric jg. Since QFT is phenomenological,
no definite ji* — need toy model.
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e Toy model (though in fact, a posteriori: calculation valid for
all relevant models HN+U.Portugal, 2020): SU(N) gauge symm.,
SO(3) global, allowing for vortex solutions. A, and 6 complex
scalars ¢¢, i = 1,2 and a = 1,2,3 for 3 of SO(3), all in SU(N).
Potential (scalar self-int.)

V = \Tr|é1 x ¢o|?

Then the Euclidean action is
— 3 l % 72 g 7z 2
S= [ d’xTr 4F/J,VF + D |Dugil® + A¢1 x é2
i=1,2
and the SO(3) global currents are

: . _abc b,
Jp= > 1€¢, "Dy + h.c
i=1,2

where DAB = 9,648 — ig(T)AB AT
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e T WO |loop calculation in dim. reg.: 3 divergences, but removed
— only p dependence in finite piece. Find (one-loop plus 2-loop):

174 2N v
UREC)) = N2 | (5, = P2 ) — 4167 o (5, = P22 - finie]

321 »1+finite. But: generalized conf. structure —

where JO ~

b N?p N?p
(Ju@)ip(=p)) = T?Tuu[l-l-cgefr'”gefr'l‘ ]—Tﬂuv[l cgése In p+.. ]

eBut definining anomalous dimension as before,
(54(P)35(—p)) o< N27mpt T2 ~ N?pmy[1+ 25 Inp + ..
gives 26 = —cg2. Finally, we obtain

2 5
0j = —59eff > 0

so ji is irrelevant: grows in the UV.
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eBut: need vortex current. In Abelian-Higgs model,

1
L v
Jvortex — EEM POvip

Then the correlators are related as
(GJu@)iv(=p)) = [ <5W _ P;fu) = (" o (D) Foortex (—D)) = (5W _ p;_pv) g

eBut, more precisely (Witten; Herzog, Kovtun, Sachdev, Son) confor-
mal structure in 2+1d = (¢t replaced by K% in the nonabelian
case)

t w

<ji(p)jj(_p> — ( 252] pzp]> 7_(_\/— + E’LJkka
e T hen implies for the magnetic current

2
~ - p©o;; —pip; 1 €jkPk W
(3:(p)j;(=p)) = -
‘ J o /p2 t2 + w? 21 t2 4 w?

eFor w= 0=t — 1/t in Abelian case and K, — (K1), in the

nonabelian case.
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eln both cases, S duality — Maxwell duality in bulk. Acts the
same for us.

eConf. structure or generalized conf. structure — same form of
correlators.

eThen, inversion = 1+ 25Inp -~ 1 —28Inp, so §(5) = —35(y).
Then 6(7) < 0 and j is relevant, as we wanted.

eMust 3 vortex. Here: Abelian Dirac vortex. 3U(1) C SO(3)
with

Ju =1 Z giDuﬁg’i + h.c.
i=1,2

under which ¢4 — e'¥¢%, ¢% — e'¥p3.

e [ hen, d vortex ansatz tht keeps V = 0,
61 = 1(r) 7', 63 = ¢o(r) e’

eSol. of eq. of m. with ansatz — vortex nr. — vortex current.
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e [ hus, monopole solution also solved. All problems with Big
Bang also solved, and CMBR fit as well as inflation!

eReheating model: sketch of one available (HN, 2020), but more
precise needed. Needs to reverse direction of flow of coupling:
gravity is becoming stronger, but must eventually become weaker
in order to transition to radiation domination.

el_attice field theory calculation: test the matching to CMBR at
low [ (I < 30), and see whether inflation or holographic cosmol-
ogy is better. Stay tuned!
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