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Overview: Calculation methods

Heat Kernel N>, = \pyip, —— (0, + V2)K(t;2,y) =0

Giombi, Maloney, Yin 2008.

/

(1) o —1 Quasinormal modes
Zscalar (detv ) —_— Denef, Hartnoll, Sachdev 2010.
—1
7(1) _ Pol(A) H —w (A
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Overview: Calculation methods

HHeat Kernel v27/)n = A, —— (at + vi)K(t €L, y) =0

Giombi, Maloney, Yin 2008.

/

. i Quasinormal modes
Z&Ecilar X (detVQ) —_— Denef, Hartnoll, Sachdev 2010.
7(1) _ Pol(A) H — W (A —1
A Selberyg zeta 1 1
Junction for Z{D(A) = 7o) M/F
guotient manifolds :




Not-so-mysterious method

One-loop Partition Functions of 3D Gravity

Simone Giombi'®, Alexander Maloney??, Xi Yin!*

other choices, the geometry of H3/T" is more complicated. There is a rich mathematical
theory — that of the Selberg trace formula and its generalizations — where the sum over
elements v € T' is used to compute the spectrum of differential operators on H,/T". For
scalar and vector fields, our computations precisely reproduce the results of the Selberg
trace formula (see e.g. [8] and references therein). To our knowledge, the Selberg trace

formula has not been successfully generalized to the graviton case.> Our computation

may therefore be viewed as a brute force derivation of the Selberg trace formula in this

context. This computation is described in section 5.

The Selberyg

Z An — f(fY) H,/T
fzf;fuﬁz" 1;[ 1;[ d/




A Selberg zeta function for
BILZ black fioles

Inspired by GMY, we

discover a matfl paper

One-loop Partition Functions of 3D Gravity

fﬁ'ﬂf dé’)/é/éﬂf ﬂ fg[ﬁg;y Simone Giombi"*, Alexander Maloney>’, Xi Yin'
zeta function for the BIZ
ﬁ/élf/é ﬁ'a /é) Ci /C"Zl /Zl /e &l/' SELBERG ZETA FUNCBT;‘(;NBiANCl:)KTLII{(})\f;: FORMULA FOR THE
ﬁom fﬁ'e quafl/eﬂf PETER A. PERRY AND FLOYD L. WILLIAMS
Sstructure alone.
= a=Tmr
I (s) = H [1 _ eZz’bkl€—2ibkge—2a(k1+k2+s)} +
k1,k2=0 b=ml|r_|
7he payofy- ZA(A) = — §* 4w
Keeler, VM, Svesko 2018 & ZF (A) QN




A Selberg zeta function for
BILZ black fioles

Inspired by GMY, we
discover a matfl paper
that develops a Selberyg
zeta function for the BIZ
ﬁ' /é'l C /é' ﬁ' 17, /é, Cid /C"Zl /é'l [ % &l/' SELBERG ZETA FUNCBT;‘(;NBiANCl:)KT}II{(})\f; FORMULA FOR THE
Jrom the guotient
structure alone.

One-loop Partition Functions of 3D Gravity

4s —~ £ 2b #2 v 16
Simone Giombi'®, Alexander Maloney?®, Xi Yin!

PETER A. PERRY AND FLOYD L. WILLIAMS

Black hole determinants and quasinormal modes

Frederik Denef*%?, Sean A. Hartnoll** and Subir Sachdev?®:*

The payojf- ZW(A) = 1

Keeler, VM, Svesko 2018 ZF (A)
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Methods of calculating z'"

Giombi, Maloney, Yin 2008.

Heat Kernell V2, = Aoy —— (0, + V2K (t:z,y) =0

SCZZ/é'l?/ﬁ/é/élf S — —% log det VZ = —% Zlog An = %/ ?/d‘%w\/ﬁK(t;x,:ﬂ)
mn 0+ ’

ﬂ/élﬁbdf?f'l’?ﬂdjej KHi*/Z(t,:I;,:I:’) = Z K (t,r(z,y "))

nez
‘ o [Tdt 3. H3/Z (4 -
— logdet V° = . d°z\/gK (t,z,x)
0

dt e~ (m*+1)t di
:VOl(H:;/Z)A t (47rt 5/2 / ‘/H d;L\fI(H3 t’f( "}/ L))
#()

3/Z

Things to keep in mind: the infinite volume piece and the
image integer 7.




Methods of calculating 7"

Quasinormal modes. Two pieces of intutlion.
Denef, Hartnoll, Sachdev 2010.

1. Relate Fuclidearn zero

Vigun =0
modes of the wave |
equalion to [Qreﬂfzzm? won (Ay ) = wy
ONMs via Wick rotation.

2. Weierstrass factorization
fﬁeare/m:{ll meromm;z?ﬁzc 7(1) _ Pol(a) H (w0, — w, (A))]
Junction is characterized =
by its zeros and poles.




Methods of calculating 7"

%ﬂf — log det V* :/ Ith/d3:1:\/§KH“/Z(t,:I;,:1;)
Kerﬂe[ ’ / dt e= rn +1)t dt
Giombi, Ma]oney} :VOI(H;;/Z)/ I3 / / (isijﬂa 7‘7~ I ’y ))
Yin 2008. ot (4rt) 7,50 Hy /2
Quasinormal

—1
modes WoN (Bsn) =wn - 2 =) H n = wWi(A))

Denef, Hartnoll, Sachdev 2010.

Zela function [rom quolient group. Can calculate 1-loop
partition function without heat kernel or QNMs.

ZF(S) = H |:1 _ 821bk3162’Lbk2€2a(kl+k2+s):|

Zr(s*) =0 exp = 2min ¥ WQN




Main Idea

A quotient geometry (or orbifold) is made
by identifying points in empty spacetime.

M/T" T e SL(2,R)

MANY interesting examples: BTZ black
hole, warped AdS black holes, k-boundary
wormbholes, flat space cosmologies... I' ~ Z

. 1
What can you learn from the quotient structure alone? WQN Zﬁe?y

Mechanism: we construct a Selberg-like zeta .
function from the quotient generators. This S <> WQN
is a cousin of the Riemann zeta function




Motivation from Mathematics

From a mathematician's point of view, the
Selberg zeta function and trace formula H" /T
are only defined for hyperbolic quotients.

The Selberg trace formula relates the spectrum of a differential
operator on a hyperbolic quotient manifold to geometric (group
th tic) dat that ifold.

eoretic) data on that manifo det U2 ~ H £.(7)

'Yerpcc,*

The pcc product is equivalent to a product
over primitive geodesics on the spacetime

Our question: How far can we extend this formalism? M / I’




Fun with zeta functions

— 1 |
Riemann zeta function: C(s) =) —~ = 11 T
n=1 p prime p
Selberg zeta function (hyperbolic 00
quotients): Replace prime Zr(s) = H H (1=N(p)~—™")
numbers with prime geodesics. /’ p n=0

meromorphic function on the complex plane

Prime geodesics: closed geodesics that

trace out their path exactly once. They are "
conjugacy classes of primitive hyperbolic
elements of the quotienting group.

=

Krasnov 2000

N(p) is a function of the length of the prime geodesic. It is the norm of the
primitive conjugacy class of hyperbolic isometries. For us it will be: eé




Quotient structure of B7<

BIZ can be constructed by folding up empty AdSz

LA 2
ds® = g} (dﬂ?z + dy* + dzz) m— ds? = N(r)%dr? + I\;i(:‘)Q + 72 (N¢(7“)d7‘ + dqb)2
Coordinate transformation Quotient Group
x = A(r) cos f(¢, T)exp(r+¢ — [r—|7) O — ¢+ 2mn
y = A(r)sin f(¢,7)exp(ri¢ — |r—|7)

z = B(r)exp(ry¢ — |r_|7) / k .(xjy’z):(xvya?ﬁ)

Group element

See, for example: Banados, Henneaux, Teitelboim, Zanelli 1993; Carlip 1995.



Quotient structure of B7<

Coordinate transformation Quotient Group
x = A(r) cos f(¢, T)exp(r+¢ — |r—|7) O — ¢+ 2mn

y = A(r)sin f(¢, 7)exp(ry¢ — [r_|7)

z = B(r)exp(ry¢ — |r_|7) T (CE’ Y Z) — (CB Y 5 < )

Group action: Dilation and Rolation

T e 0 0 cos2b —sin2b 0 x a = Try
ylyl= 0 e** 0 sin2b  cos2b 0 Y
2 0 0 2 0 0 1/ \z b= m|r_|

—

=

Qfﬂlgﬁgeﬂwfdl‘mf 7‘(‘8¢ m— CLJ12 -+ bJ()g /-—"‘ NN Y —
¢ NN ———

J12 — Laq; + yay + Zaz .]()3 — :1;8y — yar s : ;\ ‘\:
A—— e 3k 'Y W




BIZ Selberyg zeta Junction

Perry, Williams 2003

00
BTZ. ZF(S) — H [1 _ 6—27rt'(’r1(kl—kz)-i-z'Tz(kl-l-k‘z—}—s))] =T 4 ’L'TQ
k1,k2=0
a=mn1 =mry/L b= —nm = —mr_/L
Waqﬁ = aJy2 + bJos
00
ZP(S) — H |:1 _ qk2+s/2§k‘1+8/2] q = 827Ti7_
k1,k2=0

BTZ Selberg zeta has zeros s* when the exponent is 2mil

s =A 4 wonN = wy log Zr(A) o log detV?

reg

Keeler, VM, Svesko 2018




BIZ Selberyg zeta Junction

Perry, Williams 2003

o0

BTZ: ZI‘(S) — H |:1 . 6—271'1'(7'1(k‘1—k2)+7'2(k‘1+k‘2+3))} T =T _|_ ’LT2
k1,ka=0 o
&0 q — e LT
Zn(s) = [1_ k2+s/2—k‘1+s/2]
a kllk—z[:o ’ ’ a=mnTy =71y /L

b=—7mm =—nmr_/L

BTZ Selberg zeta has zeros s* when the exponent is 2mil

s =A & WQN = Wn log Z1r(A) log det V>

reg
Keeler, VM, Svesko 2018

Integers corre S_POW[ (k1 + k2) ~ radial quantum number
to O NM quantum (k1 — k2) ~ thermal quantum number
numbers

¢ ~ angular quantum number




A word about generalors

To extract the Selberg zeta function

parameters, we use the embedding 7T8¢ = aJyi2 + bJo3

generators

ds’ = —dU? +dV? +dX* +dY* —U?+V?4+X%24Y2%2=—-17
Poincare patch Y -V L
embedding TUrrx YT U+x T U+X
6 isometry

generators Jap = XpOa — Xa0pB SL(2,R) x SL(2,R)

J()3 = .”L'ay — yé’m EO N L:O




Warped Black Holes: WAdS;/T

L2
v+ 3

2 . ‘ 4v* .
(— cosh® odr? 4 do? + — I:L 3 (du + sinhadr)z)
Ve +

WAdS3 ~ ds* =

Warped AdS black holes are quotients of Warped AdS,

with the same identification, but different parameters.
Anninos, Li, Padi, Song, Strominger 2008
J 9 N EQ

v* + 3 V(24 3)ryr_ . 5 B
0(19— 3 (T+—T— » JQ—(T+—7_)J2 J2N£O
The Selberg-like zeta - |
function taﬁes tﬁe same Zr(s)= H [1 _ 6—27rz('r1(kl—k2)+72(k1+k2+s))]
form as that for BTZ: b ez =0

VM, Poddar, Thorarinsdottir 2022
. 2 ¢ . . & ¢
2 — r_\/ . ,
Op = aJi2 +bJoz a= a2 +83L)1(/(:T+ ’rT ) s alre 2 r-)
+ - _—




Strategy: "conformal” coordinates

[f we wish to proceed in the same manner as Perry and Williams, we
run into an issue. We want an analogous coordinate transformation:

(1,7,¢) €ER®> & (x,y,2) € VH?

The issue: we don't have a
warped version of the hyperbolic
half plane as a target metric .

Strategy: Propose a coordinate
transformation ansatz. Our task

is to find the appropriate (o, 3,7,9)
that capture the symmetries of our
warped quotient.

wT =1z + 1y wo =T — 1y

2

ds® = 5—2 (dac‘2 + dy? + dz2)

2 2
wt — T+ agtpt
J -_— 2 2 -
r—r

2 _ .2
T T ot
2 _ .2

!

r2 _ g2
T — o 1/2((at+7)9+(8+6)t)
2 ©




Strategy: "conformal” coordinates

From these coordinates we can make six generators:

1
Hy =0, Hy =1 (fw+8+ + §z8z) : H | =i((wh)?0; + w20, — 2°0_)

_ _ 1 _
Hy =1i0_, Hy =1 ('w_ﬁ_ + 528,2) : H_ i =i((w)?0- + w20, — 2°0,)

They form two copies of the SL(2,R) algebra: [H;, H;| = (i — j)Hiy;
i,7 € {0, £1}

. . _, 1, - - L
Each set has the quadratic Casimir: H? = —H + §(H1H_1 + H_1H,)

_ i(zfé‘ag —20,) + 220, 0.

Our warped quotient has symmetry group SL(2,R)xU(1). This
symmetry reflected in the wave equation as well!

Vo =0 @ = R(r)e'*o«b




Compare Laplacian and Casimir

Now, to find our appropriate («,3,7,9) , we exploit the symmetry of
our wave equation and conclude that the SL(2,R)xU(1) Casimir is

proportional to the scalar Laplacian:
(H? + \H2)® x V2P

(H2 + AH2)R(z) Now compare!

(o, (2-1) g, + Wt +hBE+O? (wla—y)+k(E-0)" \(kd+yw)?) 5
_(aE ( 4) P -adr A 1) (B - o) “(ﬁv_aaﬁ)m')

VErsus

(. 1. P 0
‘.: ')l‘ '-—— .l" x'
ve=o (’ )‘““4(. T

.

“

4 (A' (— (\/1/2 +3—4)ryr— +2(v—1)ri —2r2) —wry (21/1‘+ 1 3?‘_))

(re —r_)2(ry +1r_)2(3 + 12)2

r?—1/2 (ri +7r2)

£r = 3 )
ri—rs




Some results

B (u'-’ + 3) (u(rf +712) —rer_Vv? + 3) I l
- Wiy —r-) .

(ry —r_)B4+0v%) (V¥ +3) (v(rf +72) —rer— V2 + 3) 5=
2 dv(ry —r_)

Now, let's see what metric our coordinate transformation makes!

3(v? — 1w,

ds* = ((3 + v¥)dwydw_ + 4v*dz* +

(3 + v)222 22
. . _ 1 _ 7 2
This metric has Hy=i(w-0- + 520;)  H_y=i(-2"04 +w” 0_ 4w 20,)

four isometries, 1 )
generated by: Hy =i(wy0y + 520.)  Hy =id




Some results

. . . 1 - o 2 -

This metric haS Hy =i(w_0_ + 5:;('):) H | =1i(-2z0L +w 0_ +w 20,)
four isometries, T )

generated by Hy =i(wy 0y + 5:():) H, =10_

The generators corresponding Ho — Ho = i(w+0s — w_0_)

to rotation in the W™ plane Hy + Hy = i(wsdy +w_0_ + 20.)

and dilation are:

The quotient is generated by
the group element:

()—'2771.("; ]]()'{"(\‘]]()) — ()271‘(‘)(_-,

To get a and b for our Selberg zeta function, we need to find out the
coefficients of dilation and rotation:

6)—27r'i(#(Ho+H())+ ’Y;a (HO_HO))

20 = v+ « 20 = v — «




Warped Black Holes: WAdS;/T

The Selberg-like zeta oo |
function takes the same Zr(s)= ]] {1 _ 6—2m(1‘1(k'1—k2)+T2(k1+k2+s))]
form as that for BTZ: k1, k2=0

VM, Poddar, Thorarinsdottir 2022

. 2 v 2
6¢ — (lle + bJ()g s — 7T7+(V T 3)(21/T+ r-vv" T 3) b= a(’l"+ \wrs ’f'_)
8Lv(ry —r_)

Reproduce QNMs for Warped AdS Black holes!

Chen, Xu 2009, Ferreria 2013

Candidate 1-loop scalar partition function for (1)
warped AdS3 black holes scalar

Proof of concept for Selberg zeta techniques beyond
hyperbolic quotients




Flat Space Cosmologies

7.2 d'r'2
ds: = M — — ) dt® 1tdp + r2dep?
Sty (8G 73 ) dt” + “SOM 1 1 L n 1002 — — 8GJdtdo + r°d¢

SCas a . :
o of BTz: "+ IVEEH =Lie o \[il=r0 6L
2 g A 2d¢? — 27, rodtdd
Seprz — T+ fi(’l“:z — To) r TLTo
The radial coordinate /
is now timelike, and ¥ t
we have a timelike
(cosmological) horizon.
Let's try and calculate
ONMs using Selberg
techniques! B1z Fsc¢




Flat Space Cosmologies

AdS3: Asymptotic symmetry algebra (ASA) formed by
two commuting copies of Virasoro:
c

L, Ln]l =(m —n)Lpin + Em(m2 — 1)dm+n.0

3D Minkowski: ASA at null infinity is BMS3
Ly, Lyl = (m —n) Ly + cLLm(m2 — 1)0m+n.0
(L, M) = (m —n)Mpan + CLMm(m2 — 1)0m+n.0
In the limit from AdS3 to flat space:

L,=L,—L_,, ane(ﬁn—l—ﬁ__n), e=G/L—0
Representations . . ] ] .
ijiéj\/l.%’: LO’m7]>:]‘m7]>a MO‘m7]>:m‘m7]>

j=h-—h, mzlime(h—l—f_z)

e—0




FSCr a guotient of flat space

T 0y = aJ12 + bJos
A ‘\\
\ Ji2 = 20, +y0, + 20,

Recall yd

BTZ
example: -/

& ’,..o*FM""'h\\\ "5_11"
ya / 3 i / — y
/ WZ %W/x J, 03 — X (9y — y@l
/ oy a=mnTy =mry/L

b= -7 =—-mr_/L

Flat limit: ro — LTy r_ —To G/L— 0
LO — lim J12 :X8T+T8X
L—o0

M , 1
T = Am g =dy

FSCs are “shifted boost orbifolds”




FSCr a guotient of flat space

Flat limit: ro — L1y r_ — T G/L — 0
L() = lim J12 :X8T+T8X
L—o0
M .1
G = Am g =
FSC generator w0y =|aJ12H bJo3 a=7Ty =7y /L
from BTZ: 1 b= —nr = —7r_/L
miyLo  Lb %
0y = nLo + pMo ) T+fro
My P="a




Generalized Selberyg zeta. Ms|z

. 21m10
ZF(S) i H <]' — e qb>scadar primary of weight s

descendants

BTZ  Primary: |h,h) Descendants: (L_1)" |h,h) = |h, h, ko)
(£_1)" |h,RY = |h, ], ky)

Group 2midg

0 _["0
element ©

27’['?:(([,()—&0)’7'1+(£()+EO)iT2) — q[: q

=€

Figenvalues Lo|h,h ki ko) = (h+ k2)

h, f_l,, k‘l,k‘2> — (2 + kg) ‘h,f_L, k‘17k‘2>

Lo |h, h, klak:2> = (f_L + k1) |h, f_L,k'1,kz> = (% + k:l) |h,, fz,kzl,k:2>

Remember: We would like to identify s < A




Generalized Selberyg zeta. Ms|z

__ 2710
ZF(S) i H <1 — € qb>scadar primary of weight s
descendants
group 627”() QWZ((ﬁ()—L())Tl +(£()+£0)Z’7'2) ( E() E()
element © — 4 9
Putting this all together, N

ZI‘(S) — H (1 e 62ﬂ‘i((k2—k‘l)Tl-}—(k‘l-I—kz—f-S)iTz))
ki1,k2=0

we recover the BTZ
Selberg zeta function.

Based on this and previous work, we can conjecture a
schematic Selberg zeta function for more general settings.

M/T zr(s)=1] 11

Y k’l,kz,...




Selberyg zeta for FSC

Zr(s)= ] (1—¢&%)

scalar primary of weight s
descendants

In terms of the BMS generators, or;g,

- __ 2mi(Lon+Moyp)
the group element is: € — €

A primary field of mass Mo |m, ki — k) = m|m, k1 — k2)
m and its descendants: Ly |m, k; — ko) = (k1 — ko) |m, k1 — ks)

o0

FSC Selberg-like Zr(s)= ] (1 B ezm(n(kl—kz)Jrsp))

zeta function: oy ko =0

Remember: We would (ike to identify o —m




Selberyg zeta for FSC

. 21m10
ZF(S) i H <]' — e qb>scalar primary of weight s

descendants

FSC Selberg-like Zr(s) = ] (1 B ezm(vz(kl~—k2)+sp))

zeta function: ky kp=0

This answer makes sense  (k; + ko o Tadial quantum number
from a QNM standpoint!

(k1 — k2) ~ thermal quantum number

¢ ~ angular quantum number

If we expect the Selberg zeros to produce the QNMs, then
we should not expect them to contain a radial quantum
number (since our horizon is timelike).




(heck 10 Partition function

Happily, the scalar one-loop partition function for FSC
has alveady been computed by other means!

OC
1-loop e . 2 -1 ~
Zflut. s(_'u];u‘(]n) e (d(t v”;lt,. s(.‘ulzu‘) T (‘\p(

0}271'."1:1:1/)
Z I?|(l . 0271’1'7:1))'2

n=1

From this we can recover the Selberg € _ g2iv o
/ / e (J /) = ()
zeta function in the usual way. X

1.1 00 6”1“ 00 00 1 . .
-loop — Y —_ O K1 o R2
Zflat.. s(‘a]au‘(lln') = €xp Z nl(l _ _n)|2 = &Xp Z Z ;(gm/\ l.\ )”
n=1 X ko '
— 1

1 — gm k1<
I“l-’"'.l:[] ‘5 /\\ \

We recover Zr(s) = (detVj )% =

flat, scalar

o0
(l _ p2mi(sp+(k: —Avg)l,))
A‘].f\"_z:()




Check 2: Limit f[rom BIZ

Start with the BTZ Zp( H ( e2mi((k2— ’fl)’f1+(k1+/€2+8)'ﬁ2))
Selberg zeta function

To take the [imit, o T+7 (T_;)
employ a change of basis

R@Cd[ﬁ Lﬂ:ﬁn_["—na ane(ﬁn_{_[‘«—n), GZG/L—)O

8¢:T]L0—|-pM0 Mo\m,k1—k2>=m\m,k1—k2) S<>m

Thus, we should employ the scaling: S— 2, p—>€p
Tﬁe [imit ZF(S) — H (1 . (?ZWJ(II(ML'z)T(;)(L-1TA-2+§)))

gives our k1,k2=0

zeta _
function o

o

(1 — (>2Wi(u(’*'l_k2)+ﬁp))

=0




Quick slide to recap what
we want and need. ONMs
and thermal [requencres.

= A & wWoN = Wy
/ /

For FSC, conformal We need to calculate
dimension is m the thermal frequencies




FSC Thermal f[requencies

In order to find the FSC QNMs from the zeta function,
we need to find compute the thermal frequencies.

Thermal frequencies are
computed by insisting
that our probe fields are
regular at the horizon.

p

A A 2
dSQ _ 1 TQ d'f"2 4+ 7"'3_(?“2 i TO)d’Uz +T‘2 (d¢ N T—l-fr@dv)

For2 — 7“3 r? r2

4 4

22 2 2)

' —r r2(k%F2 — 27 rokw + rw
B(r, v, ¢) = e FO0) f(r) (rro ")+ L0y 4 DTS2

f(r)=0

r(r +rg)? fi(r + 79)?
A A2
o — Qk 4+ 2minT| Q=+t p_ ™ Thermal
§ ro oy frequencies can also
be obtained as a
(imit of BTZ values.




TJSC ONMs

Mechanism for *
determining QNMs: 5T A WQN 7 Wn

"We can write * B
) " " —m—+ (W, —w =3

this condition as: Q (wn QN)

Up to an

undetermined  ,, _ _™ I 1

function, the b Q  Qrg

FSC ONMs are:

(]C - Zn’lq_|_)(ZG + Q?&*.)

Colleagues are also currently trying to determine the
QNMs via the torus two-point function.




ds quotients.: Lens spaces

Consider the Euclidean version of the dS static patch:

) ¥ « -’) s 0 . -)
= dr® + cos® rdty + sin rd¢?.

The Lens space L(p, q) is obtained through the following identification

m g
(tg, @) ~ (tg, @) + 2w (—. ma + n) ,
p p

where (n,m) € Z. The quotient structure of this space is S®/Z,,, and the sphere S is the special case L(1,0).
It seems that this identification is generated by

—on(LlH+il
p=e 2m(LH+il .1)?
where (H,J) are Killing vectors of the unquotiented metric:

H=1i8, J=idg

Our representation theory ansatz tells us to construct

C(S) = H <1 _ /)>H(7211211' primary weight s *

descendants




Wilson spools

A new method of calculating 1-loop determinants in 3D
Fuclidean de Sitter space.

<W> grav

|

<10g Zsca.la.r [MDgrav —

The authors call the RHS a Wilson spool. It is a collection
of Wilson loops winding around the 3-sphere.

Cool thing: the Wilson spool can be calculated to all orders
in the Newton constant, G, due to known results regarding
the Chern-Simons formulation of de Sitter.

Important for us: The Wilson spool is constructed from
‘non-standard’, nonunitary representations of SU(2).




Representations of SUZ2)

[L3,Li] =+Ly and [Ly,L_]=2Ls cj=L°=L{+ L5+ L3

cjlj,m) =j(j+1)[j,m)

Standard reps Non-standard reps
Ll =Ls; and LI, =L Li=Ls; and L\ =-L-
Unitary Non-unitary (!)
Finite dimensional Infinite dimensional

m < |j| No restriction




Non-standard
representalions and Selberyg

Zr(s) = H <1 — ezma‘f’>

descendants

scalar primary of weight s

For the de Sitter case, we can hope to build TWO different
zeta functions, one ‘\/f\(,)r the standard rep and one for the
non-standard one. We hope to the above prescription to:

1) Construct the 1-loop partition function for Lens spaces
using Selberg techniques.

2) Build a Selberg zeta function from the non-standard
rep to see if we can learn about them!!




Future directions

Quotient spacetimes are everywhere! Lots of future directions.

1. K-boundary wormbholes

2. Warped de Sitter black holes

y )

3. Holographic entanglement

Selberg trace formula as a connection between two differerent
methods of calculating functional determinants: The heat kernel
method and the quasinormal mode method.

Even more to think about:

* Applications for flat space hologrphy?
* Connection to Seiberg Witten curves?
* L-functions, Langlands program?
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