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Motivation

Barnich-Compére Boundary Conditions

ds?® = Mdu? + 2N dudyp — 2drdu + r? dy?

[G. Barnich, G. Compére; 0610130]

Asymptotic Symmetries

[Ln,Lm] = (n— mM)Lpim

©
[LnMm] = (N — MMy + %n(nz —1)dnmo

with ¢y = G%v
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Barnich-Compére Boundary Conditions
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Thermal Entropy

S _A%_ T Lio
T 4Gy 2Gy W
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Motivation

New Flat Space Boundary Conditions

ds? = Mdu? +2N dudep—2e (dr + 8dp) du-+ [ez”rz FB(2N — Mﬂ)] dy?

[S. Detournay, M. R; 1612.00278]

Asymptotic Symmetries

[Ln,Lm] = (n— M)Lptm

C
[Ln, Mm] = (0 — M)Mppm + %n35n+m70
[Lm Jm] = —MIptm
[Ln,Pm] = —MPnym
[Mm Jm] = —MPpim

K
[Jn7 Pm] — ?Pn(snﬁ,m_’o

with cy = GiN and kp = 7217,\/
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Thermal Entropy

AY 7 Lo+ f(J3,P,kp)

Srn = A = :
™~ 4Gy 2Gw /Mo 1 0(3.P.re)
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Motivation

New Flat Space Boundary Conditions

ds? = Mdu? +2N dudy—2e” (dr + Bdp) du-+ [62“r2 + BN — Mﬁ)] dy?

Thermal Entropy

A% ™ Lo
STh = A T A~
4Gy 2Gn My

[S. Detournay, M. R; 1612.00278]
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Motivation

Follow Up Questions

General bmsz and two {i(1) Algebras

[Ln,Lm] = (" — mM)Lpym + 12’7 5n+m0

[LmMm] (n m)Mn+m+ 12” 5n+m0

[Lm Jm] = —MIpim
[anpm] - *mpn+m
[Mm Jm] - *mpn+m

[Jm Jm] - % n5n+m,0

KR
[Jmpm] = ?Pnfsn+m,0
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Motivation

Follow Up Questions

Spectral Flow

- 2uVkp + UPky

L,:=L,+uJ,+ vP,+ ) On,0
N 2
Mp =M, + UP, + 7 —Kkpdno
@ Uky + VK
Jpo=dn+ =L P50
2
i5n =Pp+ 5 HP(Sn ,0

2
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Supersymmetr
N :E,)Exten}jled Super-bm)x.{g @8
N = 4 Extended Super-bmss

[Ln, GF] = (8 — N)Gair
[Ln,BE] = (8 — MR
Mp, 7] = (3 — r)Rrﬂr
[3n, GF] = +Gpy./
[3n,B] = +R7,,
[an Gri] - iRirr

CL
{GF,6T} =2Lrys £ (r—8)Jris + 3 (rz — 31) Or+s,0

Cm
{GF RT} =2M, s+ (r — S)Prys + = (r* = 1) dris0

v
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Supersymmetry
N = 4 Extended Super-bmss

Spectral Flow

- 2uvkp + UK
Lhi=Lp+uJ,+ vP,+ #5n+m,o

2
lV[n =My + uP, + 4 ——KpOn,0

< Uky + VK

Jn = Jn + Aén’o
2

~ u

Pp:=Pp+ EHP(SmO

GF =65 ,+2(v)
RF =rE ,+7(v)
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Supersymmetry
N = 4 Extended Super-bmss

Spectral Flow

2

~ Uk,
=1L+ U+ TJén,o
- u?
Mp := M, + UP, + Zmp(sn#o
~ Ury -
Jp:=Jn+ —50no

2
~ u
Pn = Pn —+ éKlP(;n’O
At +
G = Gryy
5+ +
R =Ry,
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Simple Models

Einstein Gravity Coupled to Two u(1) Gauge Fields

k K '
IEH+CS:E/R+7F;_/<C/\dC>
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Simple Models
Einstein Gravity Coupled to Two u(1) Gauge Fields @ o

letitcs = / / (C AdC)

dsZ_(M 27 p ) ( —jP)dudap—2drdu+r2d<p2
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Simple Models
Einstein Gravity Coupled to Two u(1) Gauge Fields @ 5

ds? — </\/l _ ?Pz) du? + (/\/ :WJP> dudy — 2drdu + r? dy?
P P

Asymptotic Symmetries

[Ln,Lm] = (n— mM)Lpim

Ci
[Ln, Mm] = (7 — MMy + %n(nz —1)0nsmo
[Ln, Im] = —MInym
[Ln:Pm] - *mpn+m
[Mn, Jm] = —MPpim

K
[Jnapm] - ?Pnfanrm,O

v
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Simple Models
Einstein Gravity Coupled to Two u(1) Gauge Fields @ 5

ds? = (M 2”7>2> <N jP) dudy — 2drdu + r2dy?

K
Thermal Entropy

_ o JoPo
Sth = Ay — m oM (LO § ”P)
4Gy 6 ciM(M07pj)

6 P
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Simple Models

Einstein Gravity Coupled to Two u(1) Gauge Fields

i Thermal Entropy

sy Ay _mom(to28t) row(o-2)
Th — = — = —
4Gy 6 . 6 - 52
#lo-3) -3
Spectral Flow
e uv
Lp:=Lp+uJn+ VPp + ?HPdn,O
2
o u
Mp := Mp + UPp + ZﬁPan,O
~ v
Jn:i=JIn+ £5n,o
2
~ u
Ppn:=Pn+ EHP(;n?O

Max Riegler | Spectral Flow and Flat Space Holography in 3D



Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p,n, p, v) = Tr @@ (PMotnlot i1 3o)
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p,n,p,v) =Tr e2mi(PMo+nLo+1Po+1Jo)
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p, n, s V) _ e(.H)Tr eZTri(pMo+7]I:o)

Spectral Flow
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p 1, Ky V) - e()TI e2wi(pb7lo+nio)

bmsz Modular Transformations
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p‘ n, 1y V) - e()TI eiz%i(%ﬁoiﬁo)

[A. Bagchi, S. Detournay, R. Fareghbal, J. Simon; 1208.4372]
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p,n, pv) = €Iy =47 (Ffo+alo)

[A. Bagchi, S. Detournay, R. Fareghbal, J. Simon; 1208.4372]
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

Z(p,n,p,v) = el )Ty e74”2(%5ﬁ°+?5£°)

[A. Bagchi, S. Detournay, R. Fareghbal, J. Simon; 1208.4372]

High-Temperature Limit

Smin . Vv fmin __ Vv
Mg™ =hy Lo =h[
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Thermal Entropy and Partition Functions

Spectral Flow and bmsg Modular Transformations

27l (p V2 2nuv — v2p
log Z(p,n, p,v) ~ — | “hY{, — b} — —k; — ——L
9Z(p,n, p,v) p (’U M= L= kg an Kp

High-Temperature Limit
f;[glin _ hX/] ianin _ hZ

Max Riegler | Spectral Flow and Flat Space Holography in 3D



Thermal Entropy and Partition Functions

Thermal Entropy

1 ) 1
h = 27,,0,] logZ j= z—ﬂay log Z

1 1
hy = 2—m,8p log Z p= %@L log Z
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Thermal Entropy and Partition Functions

Thermal Entropy

1 o1

_ _

h
M= i 2ni

0,logZ p

Thermal Entropy
hy — phiy

S=(=1+n0, + pd, +v0, + po,)logZ = 4ri! 7

OulogZ
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Thermal Entropy and Partition Functions

Thermal Entropy

1 o1
h = 2—7”,(9,,, logZ j= 2—7”.3,, logZ
1 1
hy = %@ log Z p= %@ log Z
v__C v __Cm
=2 o = =24

Thermal Entropy

i (hL —22 5 %%,PZ) +c (hM _ %i)

S:

(o) ]
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Thermal Entropy and Partition Functions

Logarithmic Corrections

1
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Thermal Entropy and Partition Functions

Logarithmic Corrections

1
Zap = =——020plog Z
2ri

Logarithmic Corrections

ASI= —% logdet Z
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Thermal Entropy and Partition Functions

Logarithmic Corrections

1.,

Logarithmic Corrections

1 hY)? K2 G
AS——2Iog[( “”7)8 ”]—Ig T
! 24/€p (Mo— %’])
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Simple Models

N = 4 Supergravity

los[A] = % /M<A/\dA+§A/\A/\A>
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Simple Models

N = 4 Supergravity

les[A] = % /M<A/\dA+§AAA/\A>

ds? = (M+ 4—7;(732) du? + (A + %j?) dudy — 2drdu + r? d?
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Simple Models

N = 4 Supergravity

ds? — (M + 4—7;(?2) du? + (N+ 2—7;j7>) dudg — 2drdu + r2 d?

Asymptotic Symmetries

[Ln,Lm] = (n—m)Lpim

Cwm
—N
12

[Lo,Mm] = (N — MMy m + ‘

(n° —1)dntmo
{67,63} = 2Ly s+ (r — 8)Jrys,

Cum
{G;‘:.Rg:} = 2MF+S :l: (r - S)PF+S aF ? (r2 — ‘11) 5I'+S,07

C
[Jn-, Pm] - ?Mn(sn-s—m,o

v
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Thermal Entropy

First Law of Flat Space Cosmologies

5Sth = Br (—0M + Q3J — & 76Q7 — dpiQp)
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Thermal Entropy

First Law of Flat Space Cosmologies

5Sth = Br (=M + Q3J — & 76Qs — dpiQp)

Charges

M = 5Q[,] = % / dip(AuSA,) = 3
80 1= 61D, == o / dip(A,0A,) = OLo

Kk
0Qg = o /dap(J&Ag,) =4Jo

k
IQp = > /dcp<P6Aw> = P
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Thermal Entropy

First Law of Flat Space Cosmologies

0S8t = <—§T (/dﬁpau—Q/dapaw+¢j/dgoJ+¢p/dgoP> 5A¢>
T

Charges

M = 5Q[0,] = % /d@(Au5A¢> — 5
0d :=0Q[0,] := % /d90<~’4¢>5-’450> = Lo

Q7 = % / dp(JdA,) = dJo

0Qp = % /dap<P5A¢> = 0Py

4
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Thermal Entropy

First Law of Flat Space Cosmologies

L
58Sty = <_;Tr (/dgpau—Q/d¢a¢+¢j/d99-}+¢79/d‘19p> 5-Aw>
h:—g—T </d<pauQ/d¢a¢+¢j/d¢J+¢P/d¢P)
T . o
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Thermal Entropy

First Law of Flat Space Cosmologies

dSth = (hdA,)
h:—g—T (/dcpau—Q/d(pa¢+¢3/dg0J+¢p/dgoP)
T
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Thermal Entropy

First Law of Flat Space Cosmologies

dSth = (hdA,)

Holonomy Conditions

Eigen [h] = Eigen [27L] ]
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Thermal Entropy

First Law of Flat Space Cosmologies

Holonomy Conditions

Eigen [h] = Eigen [27Lo]

Thermal Entropy

Cm (Lo = 3@>

Cm

™
S = —_—
Th B o 3pg
6 (MO - 2cM)

Max Riegler | Spectral Flow and Flat Space Holography in 3D



Thermal Entropy and Partition Functions

bmsz Modular Transformations

Z(p, n, 1, 1/) _ TI'RR(—1)F eZTri(pMo+71L0+;¢P0+1/J0)
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Thermal Entropy and Partition Functions

bmsz Modular Transformations

Z(p, n, i, I/) _ TI'F?R(*‘] )F e27ri(pMo+77Lo+uPo+uJ0)

bmsz Modular Transformations
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Thermal Entropy and Partition Functions

bmsz Modular Transformations

; 2npy—v?
Z(p,r},/w):eM(ZW+ e pﬁp)z(p~—1.w-y)

2’ n’ 02
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Thermal Entropy and Partition Functions

bmss Modular Transformations

ay 2npv—12p
—im( % kgt < 1 nu—vp v
Z(p,n, p,v) =€ (et P)Z<p2mzp)
n n n n

High-Temperature Limit
IU[Ionin _ h;\//, ilorlirl _ hZ7 jV _ pV =0
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Thermal Entropy and Partition Functions

bmss Modular Transformations

; 2 2npv—12
im| 5 kyt+ TS Ly i( o v _1pv
<277 J+ 202 P 27 n—th 77hL

Z(p,mpv) e

High-Temperature Limit
Iqlglin _ h;\//’ ]-zglin _ hZ7 jv _ pv -0

Max Riegler | Spectral Flow and Flat Space Holography in 3D



Thermal Entropy and Partition Functions

bmsz Modular Transformations

7f7r(%rw«%ib”';’;"z“ump) 2.,1.,( e hXA,th)
Z(p,n, 1, v)~e g e g

Density of States

Z(p,n, p,v) = / d(he, huy, ], p)eZWi(/>hm+7]hL+/1,p+uj)

Max Riegler | Spectral Flow and Flat Space Holography in 3D



Thermal Entropy and Partition Functions

bmsz Modular Transformations

2nuv—v2p
202

Z(p‘ _— ]/) - efi7r<2nh‘j+ VHP) ezﬂ—,( £ Ry — h{)

Density of States

H ez L/2
7171'(2 Koy B VD o2 ﬁ"vP) 271'/(%hX/,f,lhzfpthnthp,pfyj)
d( . ) = e B e n n

Max Riegler | Spectral Flow and Flat Space Holography in 3D



Thermal Entropy and Partition Functions

bmsz Modular Transformations

Thermal Entropy
4nY, (hL —2k %) + 4Ry (hM . &)

Kp
\/ —4nY, (hM - g)

S =log d(o) = -7
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Thermal Entropy and Partition Functions

bmsz Modular Transformations

Vacuum Weights

any (ho—2£ + ) + any (hy - £)

.
\/—4hxﬂ (hM - g{)

SE Iog d(o) = —
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Thermal Entropy and Partition Functions

bmsz Modular Transformations

Vacuum Weights

CM(hL_ZF%‘F%)“FCL(hM_pi)

S =log do) = - e °
# (v 5)

(O J ]
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» Models exhibiting spectral flow in flat space exist
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Conclusion

Things Learned

» Models exhibiting spectral flow in flat space exist

» Thermal entropy can be derived from an underlying
partition function

» Holographic “intuition" also seems to work for flat space

To Do and Possible Extensions

» How does the spectral flow influence the spectrum?
» Spectral flow including non-abelian current algebras?
» Logarithmic corrections gravity side?
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Thank you for your attention!



