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there is a fairly long history in studving asymprotically AdS, space-times and their boundary theories
aot as well developed as AdSs, where the dual theory is typically a Yang-Mills theory and thus fairly well-understood

an example space-time is AdSaxS, which is obtained as the near-horizon limit of N M2 branes in M-theory, as N — 5
#he bosndary theary in this case is 3-dinensional, and nor a Yang-NMalls theory
b e.z.. the free enerpy scales as V32
there bas been recent interest in & proposal for what #his benndary theory may be Bagger-Iambers, .

‘much of other discussions of AdSs/CFT; has a ‘designer’ aspect

B st consider rarions fields propagafing on sowre asympiotically AdS, background, without expiicic Gnowledge of how this may be
embedded i string or M-theory

» carry aver the usual holographic dictionary and tools

ey, 2+1d superflnids and superconducrors

» geantetries wirh different asymprotics bave also been of interest fe.r. Schridimger Sometry - Ron=redafivisi)
**use those holographic duals to compute transport properties of field theories **
inany case, there are many interesting 3d ficld theories whese holographic duals one could explore




AdS4/CFT;
Gm: of the eardiest examples Involved conformally coupled scalars in bulk, dual w M=% operators in bdy
»  dhe propesal was that ihis describes large N fixced points of the OfN} scalar model in 34 Klebanov & Polvakov "85
> “owble trace” deformation leads 1o passage from ome large N fixed point 1o rhe ather BEE. et e
in ‘mass window’ where both asymptote modes are normalizable
this structure extends o gauge fields as well

“duality conjecture™ — linearized higher spin gauge ficlds on AdSy possess a generalization of EM duality thar is
seen holographically in the boundary theory
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EM Duality (Hamiltonian form)

Maxwell theory (written as 3+1 sphit’):

I:[ dt A {fiﬂ-*xﬁ-“— %{EZH-#::;E+HY\ #3B) — Aod +3 E}
M :

here, E and B are spatial 1-forms B = *3&}1
under EM duality
Err—R, B—E
I f ot {—_aip Mg B — ;EE AxgE + B N3 B) -t—fluffahg B-}
N = !
E= *35;319

j e e Ap NdA
oA

(canenical transformation)
a balk duality gives a canonieal sranstormanon, induced by a beundary term buile from the bdy values of bulk fields

¥ infach extends 0o an SL{2) action on current-current correlator

4
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»  write the Einstein-Hilberr 2ction in the firse-arder formalism

= / Enbid {'e“ P ée“ A E® et E‘i}
A / 6 \ J
ViglR Vgl
Ry = der®p -t Nay
T® =de™ +w® Ne"

A
Rﬂb—g_ﬁ“’neb:ﬂ

=3

we employ the first-order fﬁmm;hm@mﬁﬁsw@mm introduce torsion:




Gravity: 3+1 Spht

»  the action then takes the form

Ien+len = [ dt 1\ (&% N (—4o 1 ens,8" A KT)

+2ru8 {2(B" 160) 28" AT+ o (8% 180 — 6 A7 = P50 02 ne)

—day Neyo (DEY N&¥ +4Q% (K NE®) A éa + 44°, {Eﬂﬁjﬁ A a‘“})

»  asusual, mosty constraints




Gravity

write the Einstein-Hilbert action in the firscarder formalism

: A
f:/ fﬂ&c&{eaneéﬁﬂﬁ-d—i—e“ﬁeﬁﬁeﬂﬁed}
AL

i / E \ | A=—3fE* =—3a®

ViglR Vgl

R%y = did™y +w® Nt
T = de® + at®; A"

> ecpzlmiﬂﬂs of motion (vacuum): e
R — b —g

==8

‘we employ the first-order formalism, because it is straightforward to introduce torsion:




Gravity: 3+1 Split

» the action then rakes the form

Igp +dgua = f dt K (€% N (—4a  enge” NKT)

3
—45s N™eap (DK’ 087 +49Q%(Ks NE%) N éa+4¢°, {0 T 12 })

as usual, mostly constraints




» the action then akes the form
Tep+lgn = fcbth- (é’“ N (—dayens” A KT)

%, N {3&{&“ NE)+ 2B AT +€oa (aﬁ:" ABS - K* A KP — T éﬁ) NET }

3
—doy N%eug (DE)? N &7 +4Q%(Kg 1 E7) N éa + 4¢°, {fﬂﬁwf?ﬁ & F})

»  asusual mostdy constraints

coordinate ‘gauge field”




Gravitational EM duality

linearize around AdS (€% = e**dz”, K* = ag”)

I= /dtfa {'{E’“ L aB*) K Py — 2e,0- (85 A K% LB AEZ) A &Y +eanstraim}

duality here, very similar to EM:
Ervea—3. B E”
Er— Ep, p——pp
constraints — Bianchi
so again, a bulk dﬂ:tﬁt}"-‘g_ﬁfﬂﬁtm canomical rransformanen, induced by a boundary term buile from the boundary
values of bulk fields
dsierlity aits in bosendary on (higher-spin} current-curvent correlators

i 4% 0
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’I’lgﬁ:ﬁl, Boundary terms, etc.

I in the fisst-order formalism has more degrees of freedom than gravity
> e cg@ﬁ‘ fo these in Mﬂ‘w b gl
build SO(3,1) invariants (4-forms of €. R, T")

2 :
I}uﬂzﬁfﬂ'wf+:fﬂgbh-ef‘ﬁeh+pfp4+qfﬁ‘i




Topological, Boundary terms, etc.

Iz in the fisst-order formalism has more degrees of freedom than gravity
> Al oDl Fo these in iMTEresting ways
»  build SO(3,1) invanants (4-forms of €, R, T")
h.

;' Ty _} 5 -
it-_fn.#:-EngN}:‘?‘l—EfRubﬁ-Eaﬂ€&+PfP4+qu4

OP jane ies o

N — .Rﬂ& ANe® i et tr R* Eaeadt®® X RO
=-d(T, Ne”)

» will concentrate on the Nieh-Yan rerm here

»  if # is constant
Ipg+lcnp+Iny = f dt A (é*—' N (—40 1 a5 € N[KT —8B7]) + 20, Be,5- B NEPNE + cmtmm)

» equation of moton sull gives zero torston, because NY is a boundary term
tr B has kinene term, but ¢, K sull canomical vanables

e+ Iea+Tuy),, g | dE* A (—-‘i&" J_ﬁa,ﬁwéﬁ N[KT —8B7 I]m ki




new promote § to be a field
adding a boundary term (gives axion appropriate boundary condition)
Fe EEH[E,-WI -|—E;_',:H[E.u.‘] — %f deo nT, he.
AL

variadon of acoon now g'-ves
ITQ .lfn"; Ea. — *__‘Efa

wvarious other formulations:
> massiess psedncalar oupled to fersionless grarity

why =uly + 0%

A a 1 .
Ips = IEH‘[E.,M} = .IG'E'EE,'M.] = gj 46 A =3d6
M

» Kalt-Ramond field
Hy = +,d® ~ dC

L a I_ > :
Ixr=Ipnle.w] +Icule.w] — 5 J{ dC' N %4d€'+ f d(C A %,dC) .
gLl M

=
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Torsion ‘Vortex’
3+1 splie:

et g A= 2 =
F = fdt-n (é“'n[dg&ﬁﬂ’*héﬁ—gdﬁﬁé&]—_ﬁeﬁ-éﬂﬂn}

) + modified constraints

Bgirs e 0T,
make a simple ansatz -- fields depend only on the radial coordinate

E\P‘I

— gz N=1. N™=g,
K= ke, B =bey:
I, = —4k. g =5
and equations of motion give
AL 347 307 =0,

A_EEQ‘Z 0+364A=0

h{t}

A(t) = atanh(3a(t —ta))
&(f) = O+ 4arctan(e®t—to)

L.
L]
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T
L]
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L
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i
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T
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Torsion ‘Vortex’

note that the solution is asymprotcally AdS at borh t — +o¢
the psendoscalar field is kinked, changing by 27 from one asymptote to the other
f #qdl = A=,

it is non-singular everywhere

rransverse slices are flat ar the core of the vortex

the energy of the solution diverges, but in precisely the same way as AdS
B camnferiermis on each benndary caweel [his divergence

in this sense, this s a zero energy’ Euclidean soluton

L]
s =23
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Torsion “Vortex’

3+1 split:
I = fdt N (é“’h (A, 5, T AE¥ — %é@h €a) —-;-Q{é“ A f*u]) + modified constraints

Hg ~ é* AT,

make a simple ansatz - fields depend only on the radial coordinate

=t N=1
W = REa
Ty——iE
and equations of motion give
A+34%-32=0, A= 1—15!6@_'2-,

hi(ty = A(t) = atanh(3a(t—tq))

O(f) = Oy +darctan(e?* (o)
et = a(2cosh(3a(t —ty))**

Page 1‘%_ .




Torsion “Vortex’

note that the solution is asymptoneally AdS ar bash t — o0
the pseudoscalar field is kinked, changing by 27 from one asymptote to the other

it is non-singular everywhere

rransverse slices are flat ar the core of the vortex

the energy of the solution diverges, but in precisely the same way as AdS
» caunterierms on each bowndary cancel 1his divergence

i this sense, this is a ‘zero energy’ Euclidean solution

Page10a
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Torsion ‘Vortex’

fdt A (e A (eus KT AEF — g—gﬁ'ﬁ €a) — ge{éﬁ ﬁﬂ}) + modified constraints

make a simple ansatz — fields depend only on the radial coordinate
a0 5

Er = Mg

=1
Kﬂ-_ — Eﬁ‘gﬂ._

j"rfl'.- - {h
[[Jﬁ: S k-
and equations of motion give

]19: =i
z e - = B =
AL 3HE as-g A— EGQZ

6+384=0

B =
o)

()

-~ Aft) = atanh(3a(t —t))
B + 4 arctan(e>*(t—te)

a2 eashi3aft—ig))H3

E
[
3
3
3
(s
L
R ]
*
"I'._
*
]
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Torsion “Vortex’

note that the solution is asymproteally AdS avbord t — +oc
the psendoscalar field is kinked, changing by 27 from one asymptote to the other

fﬁH:ﬁG:Eﬂr.

it is non-singular everywhere
transverse slices are flat at the core of the vortex
»  the energy of the solution diverges, but in precisely the same way as AdS
» cannterierms on each bonndary cancel this divergence
i this sense, this is a zero energy’ ELIEE&&H} solaton

==
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Torsion Vortex -- hologra

13

>

b
>

Holography: expand asymptotically —

% = 9~ Mgt Ht—tn) (1 - T

the ot et o o missing; meaning (T,,,) =0
the pseudescalar behaves as
: —3alt—* 4. _gafr—2 :
O(r) — dedali-tol _ _g=9elitol L ... for £ — oo,

. . 2.
Ot) — m— 430l ¢ ZPat) | for ¢+ oo,

the psendoscalar is massless, so corresponds to a &=3 parity odd operator with
(OQ3) =+4 for t — Fee

mq'sﬁﬂggaes-&ﬂm g:0—2x
thus each asymptesic regime s in a different parity breaking vacoum state

Page 2% -
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Holographic Interpretation

of course, we don’t know much asbour the dual boundary theory, but it does have distiner parity breaking vacua
a simple toy model fits very well with this seructure — the Gross-Neveu model at large N, coupled to Maxwell

.. b e G e 2 ]-
== R o L Rt ‘I'l R = LRl
I fd'il:l},{: (@ —ted) e —t—E_N{y ™) +4M'F“”F ]
do large N analysis by Hubbard-Stratanovic: integrate out fermions and find saddle points with
{o) =+m
since coupled o Abelian gange field, find effective action in each vacuum of Chern-Simons form

ke N

Sog = +i ;: fsi;j:rf“”’“dﬂﬁw—im | =

2
A N dA is a dimension 3 parity odd _
b dscoupling shifis as we g from one vasusm o the otber

I+ = Iy +2x [ 0,
becatese parity i broken, presumably it clte geis a vev of oppasite sign
the topelogy of the boundary 15 an open question

» &g the wo anympiotes may correspend 1o e patches thar shosdd be glued along their bosndary
> the torsion rortex wouid them fook GRe a domain wall in the boundary separating parity violating racka




Bulk Interpretation

there is a fun analogue of this solution o 2 condensed matrer system
to see this make 2 plot of g (red) and |h| (blue)

s ke
] =
ety ';
/ B
L -
- =
—a —k o it z

‘open any book on superconductivity and vou will see this picture, with mndenvaze (blue) and magieetic indiction of a
vortee (red)

Pagezéf-% - --.:
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Multiple Vortices

so the torsion vortex correspends o the Absikosov vortex in a superconductor
» ot though that Hhe codimensions are difjerent
ler's push the analogy further — this is in face a Type I superconductor
» verlices atfrait ome amether
to see this, pur two vortices together at distance £ and compute the energy and hence a force

F = —Bao” cosh(3ak [2)

vortees tend o clump rogether, potennally forming a region of normal phase withia the superconductor
Ermm.-lnmgneﬂc field — normal phase fills up

BB
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recall the normal phase (at centre of vortex core) is'a flat transverse section
- ~

normal phase — fHat spaﬂe

-

the analogue of an external magnenc field is H-flux (torsion)

if we put on an external field, expect vortices o carry the magnence field through the system
> - flie quantization — each rortex: carries a flec qraniun

for a fixed uniform external field, expect a droplet of normal phase to form, with seme size
» AeTermne oY WG eRergy 0f Mui-roriex conyiguration




recall the normal phase (at centre of vortex core) is'a far transverse sechon

Fa o

normal phase — fiat sparr:e

the analogue of an external magnetc ficld is H-flux (torsion)

if we put on an external field, expect vortices to carry the magnetic field through the system
» — [l quantization — each vortex: carries a flic quantion

for a fixed r__:mifﬂrm external field, expect 2 droplet of normal phase to form, with some size
b detirmine iy minimizing energy of mmuiti-vortex: conflguration

A© =2LH

5




Multiple Vortices

so the torsion vortex corresponds m the Absikosov vortex in a superconducror
> note thowgh that the codimensions are different

ler’s push the analogy further - this is in facr a Type I superconducror
> rortices aifract ome awother

o see this, put two vortices together at distance £ and compute the energy and hence a foree

F = —Bao” cosh(3ak (2)
vortices tend o clump together, potentally forming a region of normal phase within the superconductor
eritical magneae field — normal phase &lls up

H
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recall the normal P_%ims'e fat centre of vortex core) is'a flar ransverse section

- %
normal phase — ﬁat.sparﬂeé

_—

the analogue of an external magnetic field is H-flux (torsion)

if we put on an external field, expect vortices to carry the magneric field through the system
» - _gfl'w-qﬁm’:i{amﬁ — each vortex: carvies 4 flec quanium

for a fixed ﬁnifﬁ:m external field, expeer 2 dropler of normal phase to form, with some size
» defermiing By mininiT G energy of muli-vortex confignration

AO =2LH

b

H=6 Voly=H Voly
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Multiple Vortices

b

>

50 in the presence of some external H-flux, expect a corresponding number of vortices

consider an array of # vortices ina box of size L4

-

&neeﬂezgy is minimized fora large aumber of vortices, and in that case, [4is derermined

H .
Lﬂ. = ﬁ_ﬂ 'u:-ﬂz : 211
sowith exteenal flux, system prefers to have a finite size droplet of normal phase (flat space) inside the

> dhere s a oritical FIfliee for which Lo ~ 2L — droplet fills all of (cut off) space B o (T~ T2




recall the normal phase (at centre of vortex core) is a flar transyerse section

2

the analogue of an external magnetc ficld is H-flux (torsion)

if we put on an external field, expect vortices to carry the magnetic field through the system
» — fliee griantization - each vortex: carries a flwec qrantin

for a fixed uniform external field, expect a droplet of normal phase to form, with some size
» defermeing &y MM G PRergy of M-iortex configuration

AO =2LH

£

L = radial cutoff (each end)

Page 30% e _‘.
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Multiple Vortices

S0y m-tha presence of some external H-flux, expeet a corresponding number of vortoees
3 consider an array of i vortices ina box of size L4

the enerpy 15° manimized fora large number of vortees, and i’n that case, [, is determined

H Lo s

so with external flux, system prefess to have a finte size dropler of normal phase (ffar space) inside the




Conclusion and Outlook

»  we have found mm&mssmg exact solution of gravity + torsion with AdS asymptoties
> bulk solution is somenhat [ife o wormbole between twe asympiotically AdS regions
> appears o describe o parify vioksting ‘domain wall’ belographically

» an interestng analogy to superconductors appears and suggests that H-flux can support droplets of flat space
within asymprotoally AdS geomertry

> cosnrolagical constant plays fhe rofe of temperature’

18
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Conclusion and Outlook

we have found an interesting exact solution of gravity + torsion with AdS asymptodes
»  bulk solution is somewbat like a wormbals between two asympiotically AdS regions
> appesrs fo describe ¢ parify riolating. ‘domaiy wall” holograpbically

an interesting analogy to superconductors appears and suggests thar H-flux can support droplets of flat space
within asvmprotcally AdS geomerry

o cxmsteis piis i ridb o :

is there a boundary version of this?

» appears fo, bur only if we Beep same orerall sigratiore
»  weg, deSitter with Lorenzzian boundary -— carresporeds ta Type IT superconductor!
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