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Introduction

— Surely, General Relativity is based on Riemannian geometry, where the only geometric and
gravitational field is the Riemannian metric, g,.,.. Other fields are meant to be extra matter.
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Introduction

— Surely, General Relativity is based on Riemannian geometry, where the only geometric and
gravitational field is the Riemannian metric, g,.,.. Other fields are meant to be extra matter.

— However, string theory suggests to put a two-form gauge potential, B,,.,, and a scalar dilaton,
¢, on an equal footing along with the metric:

They form the closed string massless (NS-NS) sector, being ubiquitous in all string theories,
/de /—ge % (Rg +40,00" ¢ — 5 H L HM") where  H=dB.
This action hides O(D, D) symmetry of T-duality which transforms g, B, ¢ into one another. Buscher 1987

— T-duality hints at a natural extension of GR where the entire closed string massless sector,
{9, B, ¢}, constitutes the gravitational multiplet.

Double Field Theory (DFT), initiated by Siegel 1993 & Hull, Zwiebach 2009-2010 and further
developed over the last decade, turns out to give the O(D, D) completion of GR or a novel
form of ‘pure gravity’.
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Take-home message of this talk would be

e DFT = O(D, D) completion of GR : the pure gravitational theory that string theory predicts.

e DFT assumes the whole closed-string massless (NS-NS) sector as the gravitational multiplet.
The O(D, D) Symmetry Principle then fixes its coupling to extra matter unambiguously.

e The previous Lagrangian itself is identified as a scalar curvature in novel differential geometry,
Ry + 40,¢0"¢ — 5 Hx HM = S :  Pure Gravity
e The EOM of {g, B, ¢} are unified into a single master formula,

Gag = 87GTpg Einstein Double Field Equations
which is the O(D, D) completion of Einstein Field Equations, as A, B are O(D, D) indices.

= Stringy Newton Gravity : V2® =47Gp+ HH, V-H=0, VxH =47GK.
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Take-home message of this talk would be

DFT = O(D, D) completion of GR: the pure gravitational theory that string theory predicts.

DFT assumes the whole closed-string massless (NS-NS) sector as the gravitational multiplet.
The O(D, D) Symmetry Principle then fixes its coupling to extra matter unambiguously.

The previous Lagrangian itself is identified as a scalar curvature in novel differential geometry,
Ry + 48,¢0"¢ — {5Hxuw HM = So :  Pure Gravity
The EOM of {g, B, ¢} are unified into a single master formula,

Gag =8mGTag :  Einstein Double Field Equations
which is the O(D, D) completion of Einstein Field Equations, as A, B are O(D, D) indices.
= Stringy Newton Gravity : V2® =47Gp+ HH, V-H=0, VxH =47GK.
Further, taking O(D, D) covariant field variables as its truely fundamental constituents,
DFT can accommodate not only conventional supergravity but also various non-Riemannian

gravities where string becomes chiral, e.g. Newton—Cartan, Carroll, or Gomis—Ooguri.

The theory appears to be defined on ‘doubled-yet-gauged spacetime’: the doubled
coordinates are gauged such that a gauge orbit corresponds to a single physical point.
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Plan

I. Classification of DFT-geometries in terms of two non-negative integers, (n, n).
Il. Doubled-yet-gauged spacetime and sigma models.
IIl. Review of covariant derivatives, V 4, and curvatures, S, Sag, Gag in DFT.

IV. Derivation of the Einstein Double Field Equations, Gag = 87 GTag,

Gag = 4ViaP Vg 9S5 — 5 Ta8S0) ; VaG*8 =0,
TAB = 4V[Ap VB]aKp(_J — %jABT(O) 5 VA TAB =0.

V. Physical Implications
— D = 4 spherical solution : ‘stringy star’ c.f. Schwarzschild geometry
— O(D, D) completion of the Friedmann equations
— Stringy Newton Gravity (large c limit)

This talk is an overview of speaker’s collaborative works over the last decade, thanks to
Stephen Angus (2), Kevin Morand (3), Kyungho Cho (5), Thomas Basile, Shinji Mukohyama, Yuho Sakatani,
Euihun Joung, Guilherme Franzmann, ... as well as earlier Imtak Jeon (8), Kanghoon Lee (8).
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Notation

Index Representation Metric (raising/lowering indices)
0 1
AB,-- M,N,--- O(D, D) vector Tag =
1 0
p,q,--- Spin(1,D—1)L vector Npg = diag(— + +- - +)
o, B, Spin(1, D—1), spinor Cup, (P)T =CyPC!
p,q,--- Spin(D—1,1) 5 vector pg = diag(+— — - —)
&8, - Spin(D—1,1) 5 spinor Csz (37T =CyPC!

e Further, the O(D, D) metric, Jag, decomposes the doubled coordinates into two parts,
XA = (%, x7), 9 = (8",0,).

where u, v are D-dimensional curved indices.

e The twofold local Lorentz symmetries, Spin(1, D—1), x Spin(D—1, 1) ,, indicate two distinct locally

L
inertial frames for the left and right moving sectors = Unification of lIA and IIB.
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Closed-string massless sector as ‘Gravitational Fields’
The gravitational fields consist of the DFT-dilaton, d, and DFT-metric, Hp :
Hun = Hnm Hi " HuNTin = Tiw -
Combining Jyn and Hyy, We get a pair of symmetric projection matrices,
Pun = Pum = 3(Jun + Huw) PMPyN = PN,
Pun = Py = 3(Tuv — Hmw) , PMPyN = PN,
which are orthogonal and complete,
PMPyN =0, PuN + PyN = oM.
Further, taking the “square roots" of the projectors,
Pun = VP VnI1pg , Pun = VP Vg ,

we get a pair of DFT-vielbeins satisfying their own defining properties,

M V. -\/M_ _ =__ M_ _
Vi V*q = npq , Viup V"5 = 7pg Vip V"5 =0,

or equivalently i
ViuP Vo + VP Vivg = T -
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Solution to the defining relation, Hyn = Han, Hix HuNTin = Tk ?

1 e
9 g8 or D= Gy =

Bg~' g-Bg 'B

The left one is well-known: it contains a Riemannian metric and reduces DFT to SUGRA.
The right one is a flat background which admits no Riemannian nor SUGRA interpretation.

Thus, DFT describes not only Riemannian SUGRA but also non-Riemannian novel geometries.
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Classification Kevin Morand & JHP 1707.03713

The most general form of the DFT-metric, Huywy = Ham, HixtHuNTin = Tiu, is
characterized by two non-negative integers, (n,n), 0 < n+n < D:

HHv —HMT B,y + YEXL — VXS
Hag =
BoHP + XLYY — XIVY Kex = BupH?7 By +2X Bx), Yf — 2X(.By), V¥
10 H Yi(X)HT — Vo(XH)T 1 -B
B 1 X" = X' (V)T K 0o 1
i) Symmetric and skew-symmetric fields: H*Y = H*¥,  K,, = Koy, Buw = —Buy;
i) Two kinds of zero eigenvectors: withi,j=1,2,--- ,n & 7,7=1,2,--- ,n,
HP X! =0, HHrY X =0, Koo YjV =0, Kuw Yy = 0;

iii) Completeness relation: HEP Ky + YEXL + YEXE = 61,
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Classification Kevin Morand & JHP 1707.03713

The most general form of the DFT-metric, Huywy = Ham, HixtHuNTin = Tiu, is
characterized by two non-negative integers, (n,n), 0 < n+n < D:

HHv —HMT B,y + YEXL — VXS
Hag =
BoHP + XLYY — XIVY Kex = BupH?7 By +2X Bx), Yf — 2X(.By), V¥
10 H Yi(X)HT — Vo(XH)T 1 -B
B 1 X" = X' (V)T K 0o 1
i) Symmetric and skew-symmetric fields: H*Y = H*¥,  K,, = Koy, Buw = —Buy;
i) Two kinds of zero eigenvectors: withi,j=1,2,--- ,n & 7,7=1,2,--- ,n,
HP X! =0, HHrY X =0, Koo Yj” =0, Kuw Yy = 0;

iii) Completeness relation: HEP Ky + YEXL + YEXE = 61,

o The trace is #,” = 2(n — A) which is O(D, D) invariant.
o The coset is O(t+n,s+c:t()g’g()s+h,t+ﬁ) with dimensions D? — (n — n)? as Nambu—Goldstone moduli.
Berman-Blair-Otsuki, Cho-JHP 2019
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Classification Kevin Morand & JHP 1707.03713

I. (n,n) = (0,0) corresponds to the Riemannian case or Generalized Geometry a la Hitchin :

o' —g~'8 2d 26
Hun = , e <9 =.,/|gle"¢? Giveon, Rabinovici, Veneziano '89, Duff '90
Bg~" g-Bg'B
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Classification Kevin Morand & JHP 1707.03713
I. (n,n) = (0,0) corresponds to the Riemannian case or Generalized Geometry a la Hitchin :

—1 —1
—g B
Hun = e29 = ,/|gle—2? Giveon, Rabinovici, Veneziano '89, Duff '90

Bg~' g-Bg'B
Il. Generically, on worldsheet, string becomes chiral and anti-chiral over the n and n dimensions:
Xl’;6+X"(’r,U)EO7 )_(Zafxf‘(T,U) =0,
as we shall see shortly.
Non-Riemannian examples include
e (1,0) Newton-Cartan gravity (ds® = —cPdt? + dx?, Jim g~ " is finite & degenerate)
—> 00

e (1,1) Gomis-Ooguri non-relativistic string Melby-Thompson, Meyer, Ko, JHP 2015, Blair 2019

e (D—1,0) ultra-relativistic Carroll gravity
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Classification Kevin Morand & JHP 1707.03713

I. (n,n) = (0,0) corresponds to the Riemannian case or Generalized Geometry a la Hitchin :

= g
W=l © . , e 29 =/]gle 2% Giveon, Rabinovici, Veneziano '89, Duff ‘90
Bg~' g-Bg'B

Il. Generically, on worldsheet, string becomes chiral and anti-chiral over the n and n dimensions:
Xl’;6+X"(’r,U)EO7 )_(ZG,X“(T,U) =0,
as we shall see shortly.
Non-Riemannian examples include
e (1,0) Newton-Cartan gravity (ds® = —cPdt? + dx?, cimoog_1 is finite & degenerate)
e (1,1) Gomis-Ooguri non-relativistic string Melby-Thompson, Meyer, Ko, JHP 2015, Blair 2019
e (D—1,0) ultra-relativistic Carroll gravity

e (D, 0) is uniquely given by # = 7 : maximally non-Riemannian with trivial coset, g}g:g;.

This is the completely O(D, D)-symmetric vacuum of DFT with no moduli, c.f. Siegel’s chiral string.

“Spacetime emerges after SSB of O(D, D), identifying {g, B} as Nambu—Goldstone boson moduli. "
Berman, Blair, and Otsuki 2019

Further, taken as an internal space, it gives a ‘moduli-free’ (Scherk-Schwarz twistable) Kaluza-Klein

reduction of pure DFT to heterotic DFT : Heterotic string has higher dimensional non-Riemannian origin.
Cho, Morand, JHP 2018

iatocal visitor to YITP working on DFT and Bose gas
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Section condition
o Diffeomorphisms are generated by “generalized Lie derivative": Siegel 1993
n
[35 Ta,.a, = EBBB Ta,...A, +wT BBEBTA1 Ay T Z(BAlég — aBEAi)TA1 soofips BA,‘+1 i An

i=1

where wr is the weight, e.g. 529 = 9g(£Be=29), §Vy, = €BOgVap + (0aés — OBEA) VBp.
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Section condition
o Diffeomorphisms are generated by “generalized Lie derivative": Siegel 1993

n
[35 TA1MAn = 58(93-1—,4\1m,4,7 + wr 35557—,41.“,4” + Z(a,qlég — aB&A;)TA1~»A,-_1BA,-HmAn R
e

where wr is the weight, e.g. 529 = 9g(£Be=29), §Vy, = €BOgVap + (0aés — OBEA) VBp.

e For consistency of closure, the so-called ‘section condition’ should be imposed: 90" = 0.
From ayoM = 28,151", the section condition can be easily solved by letting 5* = 0.

The general solutions are then generated by the O(D, D) rotation of it.
e The section condition is mathematically equivalent to a certain translational invariance:
ds(x) = Ps(x + A), AM = oMo,

where ®g, &, &y € { d, Hun , €M, Ond , 0 Hmn, - - }, arbitrary functions appearing in DFT,

and AM is said to be derivative-index-valued. JHP 2013

» ‘Physics’ should be invariant under such shifts of the doubled coordinates.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x" = (X, x"), are gauged through an equivalence relation,
Mo~ XM AM(X) s

where AM is derivative-index-valued.

D+D

Each equivalence class, or gauge orbit in R°*7, corresponds to a single physical point in R°.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x" = (X, x"), are gauged through an equivalence relation,
Mo~ XM AM(X) s

where AM is derivative-index-valued.

Each equivalence class, or gauge orbit in R°*7, corresponds to a single physical point in R°.

e |f we solve the section condition by letting H* = 0, and further choose AV = cuaMx“, we note

K> x7) o~ (K + s X7)

e Then, O(D, D) rotates the gauged directions and hence the section.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, xV = (X, x"), are gauged through an equivalence relation,

M o~ XM+AM(X),

where A is derivative-index-valued.

Each equivalence class, or gauge orbit in RPHD, corresponds to a single physical point in RP.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x" = (X, x"), are gauged through an equivalence relation,

M o~ XM+AM(X),

where A is derivative-index-valued.

Each equivalence class, or gauge orbit in RPHD, corresponds to a single physical point in RP.

e In DFT, the usual coordinate basis of one-forms, dx*, is not covariant:

Neither diffeomorphic covariant,

XM = M| 5(dxM)y = dxNoyeM £ dxN(aneM — oMey)

Nor invariant under the coordinate gauge symmetry,

M d(xM+aM) # dxM.

= The naive contraction with the DFT metric, dxMdxN#y, is not an invariant scalar,

and thus cannot lead to any sensible definition of the ‘proper length’ in DFT.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x" = (X, x"), are gauged through an equivalence relation,

Mo~ M4 AM(x),

where AM is derivative-index-valued.

Each equivalence class, or gauge orbit in R°*°, corresponds to a single physical point in R°.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x" = (X, x"), are gauged through an equivalence relation,

Mo~ M4 AM(x),

where AM is derivative-index-valued.

Each equivalence class, or gauge orbit in R°*°, corresponds to a single physical point in R°.

o These problems can be all cured by gauging the coordinate basis of one-forms, dx#, explicitly,
DxM .= dxM — AM | AM3), =0 (derivative-index-valued) .
DxM is covariant:
oM =AM §5AM = 4AM —  §(DxM) =0;

XM =M s AM = gMep(dxN — AN) = §(DxM) = DxN(aneM — aMey) .

If we set 9 = 0, we have AM = A 0Mx* = (A, , 0), DxM = (dx, — A, , dx¥).
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x = (%,,, x”), are gauged through an equivalence relation,
Mo~ XM AM(X) s

where AM is derivative-index-valued.

'RD}D

Each equivalence class, or gauge orbit in , corresponds to a single physical point in R°.
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, xV = (X, x"), are gauged through an equivalence relation,
Mo~ XM AM(X) s

where AM is derivative-index-valued.

RD+D

Each equivalence class, or gauge orbit in , corresponds to a single physical point in R°.

o With DxM = dxM — AM it is possible to define the ‘proper length’ through a path integral,

Proper Length := —In [/DA exp (7 / \/DXMDXN'HMN>:| .
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Doubled-yet-gauged coordinates, (D + D) x (1 —1/2) JHP 1304.5946

Doubled coordinates, x = (%,,, x”), are gauged through an equivalence relation,
Mo~ XM AM(X) s

where AM is derivative-index-valued.

Each equivalence class, or gauge orbit in R°*2, corresponds to a single physical point in R°.

o With DxM = dxM — AM it is possible to define the ‘proper length’ through a path integral,

Proper Length := —In [/DA exp (7 / \/DXMDXN'HMN>:| .

— For the (0, 0) Riemannian DFT-metric, with §* = 0, AM = (A,,, 0), and from
DX"DxNHyy = dx*dx”gu, + (d%, — A, +dx”B,,) (d%, — A, + dx° B,,) g

after integrating out A,,, the proper length reduces to the conventional one,

Proper Length —- / dxtdx” guy () -

— Since it is independent of X,,, indeed it measures the distance between two gauge orbits, as desired

Sabbiatocal visit YITP working on DF
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Doubled-yet-gauged sigma models

The definition of the proper length readily leads to ‘completely covariant’ actions:

I. Particle action Ko-JHP-Suh 2016
St = /dr 17" D X" D x"Hum(x) — tmPe
Il. String action Hull 2006, Lee-JHP 2013, Arvanitakis-Blair 2017

dra’

Sstring = L/dzf’ — I/ =hh DX DNt (x) — € Dix™ A

Jeong-Hyuck Park http://park.sogang.ac.kr Sabbiatocal visitor to YITP working on DF



Doubled-yet-gauged sigma models

The definition of the proper length readily leads to ‘completely covariant’ actions:
I. Particle action Ko-JHP-Suh 2016
St = /dr 17" D X" D x"Hum(x) — tmPe
Il. String action Hull 2006, Lee-JHP 2013, Arvanitakis-Blair 2017
a7

Sstring = #/dzf’ — I/ =hh DX DNt (x) — € Dix™ A

With the (0, 0) Riemannian DFT-metric plugged, after integrating out the auxiliary fields,
the above actions reduce to the conventional ones:

R IR 1.2
Sparticle = /d'r € XX Qv — zme,

Sstring =

/ d20 — 5/=hhIOX X" g + FEIOX XV By + Sl 0%, 0x# .

2mwa’
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Doubled-yet-gauged sigma models

The definition of the proper length readily leads to ‘completely covariant’ actions:
I. Particle action Ko-JHP-Suh 2016
St = /dr 17" D X" D x"Hum(x) — tmPe
Il. String action Hull 2006, Lee-JHP 2013, Arvanitakis-Blair 2017
a7

Sstring = #/dzf’ — I/ =hh DX DNt (x) — € Dix™ A

With the (0, 0) Riemannian DFT-metric plugged, after integrating out the auxiliary fields,
the above actions reduce to the conventional ones:

R IR 1.2
Sparticle = /d’r € XX Qv — zme,
Sitring = zrgy / d20 — 3/ —hhIOX X" G + Se1OXHOXV By + J€10;X,0pxH .

lll. x-symmetric Green-Schwarz doubled-yet-gauged superstring, unifying 1A & IIB JHP 2016

Sgs = /dza — IR TNy — DM (A — i)

4ma’

where MY .= Dix" — iz™ and =¥ .= 6,M5,0 + 6'3M5,6'.
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On the other hand, upon a generic (n, n) non-Riemannian backgrounds,
the auxiliary gauge potential decomposes into three parts:

Ay = KupHY A, + XYV A, + XY A,

— The first part appears quadratically, which leads to Gaussian integral.

— The second and third parts appear linearly, as Lagrange multipliers, to prescribe
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On the other hand, upon a generic (n, n) non-Riemannian backgrounds,
the auxiliary gauge potential decomposes into three parts:

Ay = KupHY A, + XYV A, + XY A,

— The first part appears quadratically, which leads to Gaussian integral.

— The second and third parts appear linearly, as Lagrange multipliers, to prescribe

i) Particle freezes over the (n + n) dimensions

Xix =0, Xkt =0.
Remaining orthogonal directions are described by a reduced action:

. o ,
Sparticle = /dT Se T XMV Ky — dmfe.
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On the other hand, upon a generic (n, n) non-Riemannian backgrounds,
the auxiliary gauge potential decomposes into three parts:

Ay = KupHY A, + XYV A, + XY A,

— The first part appears quadratically, which leads to Gaussian integral.

— The second and third parts appear linearly, as Lagrange multipliers, to prescribe

i) Particle freezes over the (n + n) dimensions

XL)'(“ =0, X xh =0.
Remaining orthogonal directions are described by a reduced action:
s "dr Lo kM iV K 12
particle = Tz X'x'Kuy — sme.

ii) String becomes chiral over the n dimensions and anti-chiral over the n dimensions

Xi, (8ax# + SAzeaPogxt) =0, Speafpxt) =0.

Ly = /d% — IV=RR 9ixH 9ixY Ky + L€l 0jxH 8jxV By, + Sl 0%, 0px1 .

2ra’
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Comment: Relation to Graded Poisson Geometry Basile-Joung-JHP 1910.13120

e In 2016, Deser and Samann formulates the generalized Lie derivative using a graded Poisson bracket:

[T(x,6), [pat* €66%} } = LeT(x,0),  [F,G} = 255 88 — £E G _ (—1)oeslF) 2E, o0

where T(x,0) = 3 T, 02._.Ap(x)()c1 6% ...0%.
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Comment: Relation to Graded Poisson Geometry Basile-Joung-JHP 1910.13120

e In 2016, Deser and Samann formulates the generalized Lie derivative using a graded Poisson bracket:

[T(x,6), [pat" €86%} } = LeT(x,8),  [F, G} := 2588 — 8L 0G _ (_qydeslR) 2L, 20

where T(x, 0) = £ Tc,c,...a,()0€10%2 - .. 9%,

o Recently, we have identified this graded Poisson bracket as the Dirac bracket in the Hamiltonian
formulation of the Faddeev—Popov doubled-yet-gagued particle action,

2
Gom, = /dT 167 D XD xPHap(x) — mPe + kaAM + k(e — 1) + 1040% + > F9a9%,

a=1

where 64 = BA + C* and C* is the derivative-index-valued ghost for the coordinate gauge symmetry,
19,40 = BACA + 3 dﬂ' (CABA) o
Further, intringuingly, the bc ghost system for the worldline diffeomorphisms has also O(1, 1) symmetry,

2
9 =92 =b, 9 =9 =c, D7 39a0% = b+ 3 (cb).

a=1
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Comment: Relation to Graded Poisson Geometry Basile-Joung-JHP 1910.13120

e In 2016, Deser and Samann formulates the generalized Lie derivative using a graded Poisson bracket:

A B A de
[T(x,6), [pat" €86%} } = LeT(x,8),  [F, G} := 2588 — 8L 0G _ (_qydeslR) 2L, 20

where T(x,0) = & Te, Gy -ap (X)0€10%2 - .. %

o Recently, we have identified this graded Poisson bracket as the Dirac bracket in the Hamiltonian
formulation of the Faddeev—Popov doubled-yet-gagued particle action,

2
Gom, = /dT 167 D XD xPHap(x) — mPe + kaAM + k(e — 1) + 1040% + > F9a9%,

a=1

where 64 = BA + C* and C* is the derivative-index-valued ghost for the coordinate gauge symmetry,
19,49 = BACA + 3 dT (CABA) o
Further, intringuingly, the bc ghost system for the worldline diffeomorphisms has also O(1, 1) symmetry,
9 =92 =b, 9 =9 =c, Z%ﬂaﬂ“ be+ } S (cb).
e Requiring target-spacetime DFT-diffeomorphisms on the wave function subject to Hamiltonian constraint,
(Par*®(R)p + ) W(R)[0) =0,  pa=—ikda = —ihVa,
one can obtain quantum corrections to the classical action, analogously to the Fradkin—Tseytlin term,

= / dr te (D,x" - iheHAC(’)Cd) (DTXB - ihe?—LBDi)Dd) Hpp — ymPe.
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Einstein Double Field Equations

GAB = 87TGTAB

where A, B are O(D, D) indices
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Semi-covariant formalism Imtak Jeon, Kanghoon Lee, & JHP 2010, 2011

e Semi-covariant derivative :

n
_, B B B
VeTaayAg = 0cTajpy g — w1 T BcTayAy- - Ap + E Tca; " Ta - -Aj_1BAj 1+ An >
=1

for which the ‘DFT-Christoffel’ connection can be uniquely fixed,
rCAB:Q(PaCPF’)[AB]+2(ﬁ[ADF’B]E_P[ADPB] E) dpPec— iy (ﬁC[AﬁB] D+PC[APB]D)(aDd+(PaEPF’)[ED]>
by demanding compatibility with { 7as, Hag, d}, torsionless condition, and projection property,

VaPsc = VaPsc = Vad =0, L2=LY & Tusg=0, (P +P)asc” Tper =0,
where multi-indexed projectors are

DEF
Pasc

= PADP[B[EP(;]F] + PMA2/171 PA[BPc][EPF]D, same for ’ﬁABCDEF with Pag <> I_JAB.
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Semi-covariant formalism Imtak Jeon, Kanghoon Lee, & JHP 2010, 2011

e Semi-covariant derivative :

n
B B
VCTA1A2A.AAH = acTAwAz'“An —wrl BCTA1A2---An+ E rCA/ TA1...AI._1BA/._1.A.AH,
i=1

for which the ‘DFT-Christoffel’ connection can be uniquely fixed,
I'CAB:Z(P{JCPIE’)[AB]+2(F”[ADF’B]E—P[ADPB] E) dpPec— iy (ﬁC[AﬁB] D+PC[APB]D)(aDd+(P6EPF’)[ED]>
by demanding compatibility with { 7, H as, d}, torsionless condition, and projection property,

VaPsc = VaPsc = Vad =0, L2=LY & Tusg=0, (P +P)asc” Tper =0,
where multi-indexed projectors are

DEF
Pasc

= PADP[B[EPC]F] + PM/‘24—1 PA[BPC][EPF]D, same for 'ﬁABCDEF with Pag <> PAB-

— In particular, DFT-Killing equations can be defined from

L?EV’HAB = BP(A[CPB)D]V(;ED B [:gvd = —1VA5A .

— There are no normal coordinates where I' ¢4 would vanish point-wise: Equivalence Principle is broken for
string (i.e. extended object), but recoverable when coupled to point particle (or scalar field).
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Semi-covariant formalism Imtak Jeon, Kanghoon Lee, & JHP 2010, 2011
e Semi-covariant Riemann curvature :

Sasco = Sasiico] = Scoas = 3 (Rasco + Repas — TEasT Eco) Siascip =0,
where Rugcp denotes the ordinary “field strength”, Repas=0aTscp— 98T aco+T act T8ep—TBcET AED -
By construction, it varies as ‘total derivative’,

0SaBcp = Viadlgico + Vicdl pas

which is useful for Lagrangian variation, i.e. action principle.
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Semi-covariant formalism Imtak Jeon, Kanghoon Lee, & JHP 2010, 2011

e Semi-covariant Riemann curvature :
_ _ 1 E _
Sascp = Sjagjico] = Scoas = 5 (Rascp + Repas — TE asTecp) Siascip =0,
where Rygcp denotes the ordinary “field strength”, Ropas=0aTscp— 98T aco+T acET8e0—T B E M AED -

By construction, it varies as ‘total derivative’,
0SaBcp = Viadlgico + Vicdl pas

which is useful for Lagrangian variation, i.e. action principle.

e Semi-covariant ‘Master’ derivative :
Dp ::8A+FA+<DA+<T>A:VA+¢A+<T>A.

The two spin connections are determined in terms of the DFT-Christoffel connection,

d)qu = VBPVA VBq 5 J)Apa = VBI_T,VA \75(7 5
by requiring the compatibility with the vielbeins,

Da VBp =Va VBp + ¢quVBq =0, Da \_/Bﬁ =Va _VBb + J)Aba\_/ga =0.

Sabbiatocal visitor to YITP working on DFT and Bose gas
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Anomaly is under control through the six-indexed projectors
e Semi-covariance:

n
¢ (VCTA1"-AN) = EAg (VCTA1>~An)+Z 2(73+73)CAI.BDEF0D85£F TA1~~A,,1BA,+1---A,7 ,
i=1

8¢ Sascp = LeSasop +2V(a ((77+75)B][CD] EFG@EOF&;) +2V[¢c ((7’+75)D][AB] EFGOEOF&;) .

e Thisis due to
e = e 22 [(P + P)eas™E — 5CF6A%BE] OF O -

Ideally one might desire to cancel these red-colored anomalies by adding extra terms to ['gag -

But, since

§Hag = (PSHP)ag + (P6HP)ag,  6¢(9cHa) = Le(dcHas) + 8PaPPr)Fdcopée

it is impossible to construct such compensating terms out of the derivatives of H 4.

e However, we can easily project out the anomalies.
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Complete covariantization: fixing the O(D, D) coupling to matter

— Tensors:

Dp B D. B
Pc PA1 1"'PAn nvDTB1---B,7 — DPT@1EI2---§n7

p D B B
Pc PA1 1”‘PAn "VDTB1---Bn — DﬁTq1q2.v.qn,

PT _ = PT. 2 PT. = _DP
D qu1QQ"'QN" D TPQ1CIQ"'Qn' DPD T‘hﬂg"'qrw DPD TQ1‘72“'Gn'
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Complete covariantization: fixing the O(D, D) coupling to matter

— Tensors:
Dp B D. B

Pc PA1 1 "'PAn nvDTB1---B,7 — DpT@1E,2...5n,

PcPPy Bt Py BV T, = DT,

C Aq An D!By---Bp p'q192---an »

PT _ pT. 2 PT. _DP
D qu1QQ"'QN" D TPQ1CIQ"'Qn' DPD Tq1q2»~qn ’ DPD TQ1Q2"'Gn'

— Yang-Mills:

]:pE, = .FABVAP _VBE, where Fag i =Va WB — Vs WA — i[WA, WB] o

— Spinors, p, w;,“ : i
YDy, Dpp Y Dpibg » Dpyp,

— RR sector, C%4 :

DiC = ~+"DoC £ P Dpes?, (D=0 =  F:=D,C (RRfluix).
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Complete covariantization: fixing the O(D, D) coupling to matter

— Tensors:
Dp B D. B

Pc PA1 1 "'PAn nvDTB1---B,7 — DpT@1E,2...5n,

PcPPy Bt Py BV T, = DT,

C Aq An D!By---Bp p'q192---an »

PT _ pT. 2 PT. _DP
D qu1QQ"'QN" D TPQ1CIQ"'Qn' DPD Tq1q2~-qn ’ DPD TQ1Q2"'Gn'

— Yang-Mills:

]:pE, = ]:ABVAP _VBE, where Fag i =Va WB — Vs WA — i[WA, WB] o

— Spinors, p, w;,“ : i
YDy, Dpp Y Dpibg » Dpyp,

— RR sector, C%4 :

DiC = ~+"DoC £ P Dpes?, (D=0 =  F:=D,C (RRfluix).

— Curvatures:

Spg = SasV* 7% (Ricci), Sy == (P"°PP° — P"°PP%)Syp0p (scalar = ‘pure’ DFT).
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O(D, D) coupling to other superstring sectors or the Standard Model

e D = 10 Maximally Supersymmetric DFT Jeon-Lee-JHP-Suh 2012 [Full order construction]
Liypors = €724 [ 380 + 3Te(FF) + ipFp' + ihpvgFAPY'9 + i3 pyPDpp — i3 p'APDpp’
—iGPDpp — i3 FPYIDgip + il Dpp’ + i35'P79Dgyp |
which unifies IIA & [IB SUGRAs, and Gomis-Ooguri gravity as different solution/parametrization sectors.
e O(4,4) coupling to the D = 4 Standard Model, Kangsin Choi & JHP 2015
1

167Gy So

_ a-2d = = -
Lsm = e + Zv Tr(]:p?.y]:pq) + Zzp Y3 Darp + wa ' 73Dy’

—HAB(Dpo) Dap — V(9) + Vg Gdd+YuGdu+yel ¢ €

* Every single term above is completely covariant, w.r.t. O(D, D), DFT-diffeomorphisms, and
twofold local Lorentz symmetries. Leptons are for Spin(1, 3) and quarks are for Spin(3, 1) ?!!
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Derivation of EDFE from General Covariance 1/2  Angus-Cho-JHP 1804.00964

e Henceforth, we consider a general DFT action coupled to matter fields, T 4,

Action = / 972d|: 1617rG S(O) + Lmatter (Ta7 DATb) } )
X

and seek the variation of the action induced by all the fields, d, Vip, \7Ap, Ta.
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Derivation of EDFE from General Covariance 1/2  Angus-Cho-JHP 1804.00964

e Henceforth, we consider a general DFT action coupled to matter fields, T 4,

Action = /z 872d|: 1617rG S(O) + Lmatter (Ta7 DATb) } )
and seek the variation of the action induced by all the fields, d, Vip, \7Ap, Ta.

Note 6Vap = (P + P)aP5Vi, = Vg VP95 Vg, + (6 Vigpp VB ) Va? . The 2nd term is a local Lorentz rotation

and can be absorbed into 5T 4. Thus, only the projected variation, _VB;,(S Vep = — VBpé \7527 , appears.
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Derivation of EDFE from General Covariance 1/2  Angus-Cho-JHP 1804.00964

e Henceforth, we consider a general DFT action coupled to matter fields, T 4,

Action = / 872d|: 1617rG S(O) + Lmatter (Ta7 DATb) } )
X

and seek the variation of the action induced by all the fields, d, Vip, \7Ap, Ta.

Note 6Vap = (P + P)aP5Vi, = Vg VP95 Vg, + (6 Vigpp VB ) Va? . The 2nd term is a local Lorentz rotation
and can be absorbed into 5T 4. Thus, only the projected variation, _VB;,& Vep = — VBpé \73[7 , appears.

— Firstly, the ‘pure’ DFT part transforms, up to total derivatives (~), as

5(6’”&0)) = 4972d(‘7855‘/5psp‘7 - 28d S<°)) :
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Derivation of EDFE from General Covariance 1/2  Angus-Cho-JHP 1804.00964

e Henceforth, we consider a general DFT action coupled to matter fields, T 4,

Action = / 872d|: 1617rG S(O) + Lmatter (Ta7 DATb) } )
X

and seek the variation of the action induced by all the fields, d, Vip, \7Ap, Ta.

Note 6Vap = (P + P)aP5Vi, = Vg VP95 Vg, + (6 Vigpp VB ) Va? . The 2nd term is a local Lorentz rotation
and can be absorbed into 5T 4. Thus, only the projected variation, _VB;,& Vep = — VBpé \73[7 , appears.

— Firstly, the ‘pure’ DFT part transforms, up to total derivatives (~), as

5(6’”&0)) = 4972d(‘7865‘/5psp‘7 - 28d S<°)) :

— Secondly, the variation of the matter part,

o AG SLmatter
§(e™ Lmatter ) = 2672 (quavAprg, — 18d Ty — ;mai‘*)

8T,
naturally defines
d
.. 1(V SLimatter -76me) . 762”5(9 Lmamr)
pq = 5 Ap 5Val Aq 5VaP 0) -—
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Derivation of EDFE from General Covariance 2/2 Angus-Cho-JHP 1804.00964

e Combining the two results, the variation of the action reads

. =/ OLmatter
sAction = /z e {ﬁ VAISVaP(Spg — 87 GKyg) — gigod(Siy — 87 GT(y) + 0T a ™
B a
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Derivation of EDFE from General Covariance 2/2 Angus-Cho-JHP 1804.00964

e Combining the two results, the variation of the action reads

SAction = /z e 2d {ﬁ VAT§VAP(Spg — 81 GKyg) — 5rg0d(Se) — 87GTg)) + 57T, Omatter

6 Ta
o Specifically when the variation is generated by diffeomorphisms, we have 6: T4 = E}Ta and

VAa(sg VAp = \_/Aa,ég VAp = ZD[AfB] vAq \/Bp7 (5£d = 7%62dﬁ5 (e*zd) = 7%'DA£A o
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Derivation of EDFE from General Covariance 2/2 Angus-Cho-JHP 1804.00964

e Combining the two results, the variation of the action reads
6Lmatter

SAction = /Ze*d {4717; VAI5V4P(Spg — 87GKpg) — 5150d(Si0) — 87GTg) + 0T a i
P a

o Specifically when the variation is generated by diffeomorphisms, we have 6: T4 = E}Ta and
VA%E VAp = \_/Aa[’ig VAp = 2D[A§B] \_/AE7 \/Bp7 (5gd = —%62dﬁ5 (e*zd) = —%'DASA o

e The Diffeomorphic General Covariance of the Action then implies

0= /Z'e*d [Q—GngA [4 ViaP Vi) 9(Spg — 8mGKog) — 3 Tas(So) — stT@)] + 5£T375L;“Ta:er} :
This gives the O(D, D) completion of Einstein curvature, JHP-Rey-Rim-Sakatani 2015
Gag = 4V(aP Vg 9S55 — 5 T48S0) » DaG*B =0  (off-shell),
the O(D, D) completion of Energy-Momentum tensor, Angus-Cho-JHP 2018
Tag = 4V Vg Koz — 5748 T00)» DATA% =0 (on-shell),

and hence, the O(D, D) completion of Einstein Field Equations, Gag = 87GTzs -
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Examples of Typ :=4V|s° VB]aqu - %jAB To

e Scalar field,
Ly, = —3HM"NOypone — V(p), Kog = 9p0q Toy=—2L,.
e Spinor field,
» = VYPDpy + myPip Kog = — 3 (01 Dgp — Dgthypt)) , T =0.
e RR sector,

Lrr = 2T1 (FF), Kpg = *%TF(’YDJ:’_YE}:% Ty =0.

Fundamental string: with Djy™ = 9;y™ — AM (doubled-yet-gauged),

€ %L iring = %/dsz [—%v —hh DiyM Dy N Han(y) — JD:‘YMAjM] 8P(x — y(0))

4o

Kpg = /dza\/ hh’/D,yMD/yN Vv VNq eZd(X)§D( —y(0)), Ty =0.

47Ta

More examples include Yang-Mills, point particle, Green-Schwarz superstring, efc. 1804.00964
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DFT=0(D, D) completion of GR

» One single master formula unifies all the EOMs of the whole massless NS-NS sector,

Gag = 87 GTpp Einstein Double Field Equations (EDFEs)

which is naturally consistent with our central idea that DFT treats the closed-string massless
sector as the geometrical graviton multiplet.

AL Fo‘;( ONE
ONE FOR ALL)

I need
to be more
involved

'1-Ricm,
anniap
o

| h.r,,,’,mme: e
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DFT=0(D, D) completion of GR

» One single master formula unifies all the EOMs of the whole massless NS-NS sector,
Gpg = 8mGTuas : Einstein Double Field Equations (EDFEs)

which is naturally consistent with our central idea that DFT treats the closed-string massless

sector as the geometrical graviton multiplet.

e The (0, 0) Riemannian parametrization reduces EDFEs to

ALL FOR ONE

[ <F 2V“(8V¢) — JTH‘L;JO'HVPU = 87'rGK(;“/) , ONE FOR ALL) \

I need
to be more

PG (e*z‘f’HW,,) = 167GKj,.,) »

involved

R+40¢ — 40,,60" ¢ — {5 Hxu HMY = 87GT() -

.
| Nonri
| ch‘;" Riemanyjy,

Tal gravitiey

e EDFEs should also govern the dynamics of generic (n, n)
non-Riemannian geometries, including Newton—Cartan,
Carroll, Gomis—Ooguri, efc.
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Non-Riemannian (n, n) sectors in DFT Kyoungho Cho & JHP 1909.10711

o After 9* = 0, the semi-covariant formalism naturally induces a ‘upper-indexed’ covariant
derivative for the undoubled ordinary diffeomorphisms and GL(n) x GL(n) local rotations,
D¥ = H*9, + Q" + TH + T+,
QW5 = —JONHMY — HPRG, HYI K,y — HPRE, YYIXE — HPlka, VX
+<2H"[’" Yo, Xi) — 2Helk V;la[f)’(;j]) (Y;x/A - ?_;)’(j)

T = —2H"P Y7 O, X!

o]

Fui; = _2HRO VIO, X

o] "
e For (0,0), it reduces to D* = g*¥v7,,, while for generic (n, n) it enables us to expand

/e*st(O) = /e*Zd [Ra + 4K, DHaD¥d — G H  HI HY ™ Hy o Hpor = Hau H(YEDY X — V2D X] )|
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Non-Riemannian (n, n) sectors in DFT Kyoungho Cho & JHP 1909.10711

o After 9* = 0, the semi-covariant formalism naturally induces a ‘upper-indexed’ covariant
derivative for the undoubled ordinary diffeomorphisms and GL(n) x GL(n) local rotations,
D" = H*P9, + Q" + TH 4 TH
QW = —FONHRY — HARG,HIT K, 5 — HPRE, YIIX, — HPl o, VX
Lyl - vrlg %@ iy xI
+ (K7 ¥ oy, Xy — 2 Vo, X5 ) (Y7 X = Vi X))

T = —2H"P Y7 O, X!

o Ty = —2HMP Y791, X]
e For (0,0), it reduces to D* = g*¥v7,,, while for generic (n, n) it enables us to expand

/e*st(o) = /e*z" [Rn + 4K, DA DD — 5 H HET HY T Hy iy Hpor — Hau HY?(YID X, — V;Lﬁ“)‘(;)}

e This might have provided the action principle for each non-Riemannian gravity with fixed
(n, n), but it cannot produce the full EDFE, since 6H g may involve (n,n) — (n—1,n—1).

* Our conclusion is that the various non-Riemannian gravities should be better identified
as different solution sectors of DFT rather than viewed as independent theories.

— Milne-shift as well as GL(n) x GL(n) invariant H-flux has been also identified:

HA = HA HM HYT Hpor + 6HP YA DYIX] — HAN YEDYIXE .
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Physical implications
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Spherical solution to D = 4 EDFEs Angus-Cho-JHP 1804.00964

81GTap  for r<r. (spherical)
Stringy ‘star’ of radius, r. :  Gag =

0 for r>r.
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Spherical solution to D = 4 EDFEs Angus-Cho-JHP 1804.00964

81GTap  for r<r. (spherical)
Stringy ‘star’ of radius, r. :  Gag =

0 for r>r.
e Outside the star, r > r., the vacuum geometry is known Burgess-Myers-Quevedo '94
b b
2 =, (’,;—g) V2 4oy (%) V@2 | Ha = hsinddt AdYAdp,
a a
; - 3
o = |- (55) VA2 a1 (£22) VE 0+ s hase)

having four parameters, {c, 3, a, h}, while b? = (o + 8)2 — & and v+ = 5(1 £ /1 — 2/b?).
If b= h=0, it reduces to Schwarzschild geometry.
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Spherical solution to D = 4 EDFEs Angus-Cho-JHP 1804.00964

87 GTap for r<r. (spherical)
Stringy ‘star’ of radius, r. :  Gag =

0 for r>r.
e Outside the star, r > r., the vacuum geometry is known Burgess-Myers-Quevedo 94
b
92¢=’Y+( )V"’2“’2+'y (’*’8>V"’2+b2 , H) = hsinddt Add Ade,

o = |- (55) VA2 a1 (£22) VE 0+ s hase)

r+p r—a

having four parameters, {c, 3, a, h}, while b? = (o + 8)2 — & and v+ = 5(1 £ /1 — 2/b?).
If b= h=0, it reduces to Schwarzschild geometry.

e Inside the star, EDFEs fix all the constants, {«, 3, a, h}, in terms of Tp, for example

s T 2
a= / dr/ dﬁ/ dp €72 [ Hrop, H'2% +2G (Ki" + Ky? + Ko — Kit = T -
J0 0 0

Various components of Tyg enrich the spherical geometry of DFT, beyond Schwarzschild.
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Spherical solution to D = 4 EDFEs Angus-Cho-JHP 1804.00964

e Interms of Areal Radius, R: ds? = gydt? + grrdR? + R2d0?2, the Newton potential reads
2_ 2 _h2/p2 2
¢:_%(1+gtt):_M?9+< 267 1P 1-2ab\/1— 12 /b )(MTF) P

32+b2—h2+23b\/1 —h2 /b2

where the ellipses denote higher order terms in MG which is ‘dimensionless’, and

"00 T 27
MG = %(a+b 1- h2/b2> :/ dr/ dﬁ/ de e—2d <72GK11+ 817 }Hthm“’D.
Jo Jo 0

That is to say, DFT modifies GR for small ;7= In particular, it can be repuIS/ve
o Intriguingly, the dark energy and matter problems arise from small 77~ observations:
Electron Hydrogen | Billiard Solar System | Milky Way | Galaxy | Universe
Proton Earth .
_L (R~0) Atom Ball (1AU/MyG) | (visible) | Cluster |(MocR?)
R/(MG) 0+ 7.1x10%% | 2.0x10% | 2.4x10%° | 1.4x10°| 1.0x108 1.5x105 | ~10° 0+

The observations of stars/galaxies far away may reveal the short-distance nature of gravity.
The repulsive force at short distance may explain the accelerating expansion of Universe?
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Spherical solution to D = 4 EDFEs Angus-Cho-JHP 1804.00964

e Interms of Areal Radius, R: ds? = gydt? + grrdR? + R2d0?2, the Newton potential reads
2_ 2 _h2/p2 2
¢:_%(1+gﬂ):_M?9+< 267 1P 1-2ab\/1— 12 /b )(MTF) P

32+b2—h2+23b\/1 —h2 /b2

where the ellipses denote higher order terms in 22 G which is ‘dimensionless’, and
e} T 27
MG = %(a+b 1- h2/b2> :/0 dr/(; dﬁ/o de e—2d <726Kt’+ 817 }HwapHm“’D ]

That is to say, DFT modifies GR for small ;7= In particular, it can be repulstve

o Intriguingly, the dark energy and matter problems arise from small 77~ observations:

Electron Hydrogen | Billiard Solar System | Milky Way | Galaxy | Universe
Proton Earth .
(R~0) Atom Ball (1AU/MyG) | (visible) | Cluster |(MocR?)

R/(MG) 0t | 7.1x10%| 2.0x10% | 2.4x10%0 | 1.4x10°| 1.0x10% 1.5x105 | ~10° 0+

The observations of stars/galaxies far away may reveal the short-distance nature of gravity.
The repulsive force at short distance may explain the accelerating expansion of Universe?

e Since B-field does not couple to particle geodesics, from the mass formula above, we might
speculate that electric H-flux is dark matter, while K;! represents ordinary matter (baryonic).
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Cosmology S. Angus, K. Cho, G. Franzmann, Shinji Mukohyama & JHP 1905.03620

» O(D, D) completion of the Friendamann equations:

817G o4 M 2 ¢’ 2 /¢'\? k

o = H-—2(2 ) H+Z(Z X

3 7° T s N)"ts\n) T2
arG 25 h2 2 H/ (¢/> 2 (¢/)2 1 (¢/)/
o= = _Hr_ P \p_=(Z = (£
3 (PH3PET + o AN 3N/ TN \N
87G [ o4 1 B s H 2 ¢\’
3 <"e _ET‘°’> - _H_N+3N(N>

which imply the conservation equation,

o' +3NH(p + p) + ¢’ Toye ” = 0.

Here most general cosmological (homogeneous, isotropic, & Riemannian) ansatzes have been adopted:

— t o1 —2¢ — 1 —2¢ __hn?
pi=(—K't+ 3To))e ??, p:=(K'r— 3To)e %%, H(g)f\/ﬁsmﬂdr/\dﬁAd@.
+ This gives an enriched and novel framework beyond typical 4 -
string cosmology, enjoying two equation-of-state parameters, 3 \ Posiibass coniton vioated
w = p/p (conventional) and X = Tig)e~2¢/p (new). | N = \"fo\,
< 1
In particular, de Sitter is unnatural as incompatible with DFT off |
C.C.term, e ?Aprr. It might be an artifact of GR. -1 . \\
c.f. Swampland a /a Vafa -2 ; R
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Stringy Newton Gravity with H-flux kyoungho Cho, Kevin Morand & JHP 1912.13220

It is straightforward to take the weak field approximation and non-relativistic limit of the D = 4
EDFEs, Gag = 8w GTyg, to obtain the string theory extention of Newton Gravity,

V2¢ = 4nGp +HH, V-H=0, VxH = 47GK,

o Not only the mass density p oc Kqo but also the current density K oc (Kjo11, Kjoz Kjog)) is
intrinsic to matter. Sourcing H oc (Hjgz3), Hjos1}; Hjo121), K is nontrivial if the matter is ‘stringy’.

e Since K is divergenceless, we may introduce the notion of ‘stringization’ , analogous to
magnetization, and note the ‘stringy dipole’,

3% (X-S(1)) — S(t)

K=V xs; H~ G 3
x|

s(t) = /d3x s(t,%) .
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Stringy Newton Gravity with H-flux kyoungho Cho, Kevin Morand & JHP 1912.13220

It is straightforward to take the weak field approximation and non-relativistic limit of the D = 4
EDFEs, Gag = 8w GTyg, to obtain the string theory extention of Newton Gravity,

V2¢ = 4nGp +HH, V-H=0, VxH = 47GK,

o Not only the mass density p oc Kqo but also the current density K oc (Kjo11, Kjoz Kjog)) is
intrinsic to matter. Sourcing H oc (Hjgz3), Hjos1}; Hjo121), K is nontrivial if the matter is ‘stringy’.

e Since K is divergenceless, we may introduce the notion of ‘stringization’ , analogous to
magnetization, and note the ‘stringy dipole’,

3% (X-S(1)) — S(t)

K=Vxs; H~G
Ix°

s(t) = /d3x s(t,%) .

e H contributes quadratically to the Newton potential, but otherwise is decoupled from the point
particle dynamics nor electromagnetism (light),

X= _v¢7 Sphoton - /d4X - % _gef&tgupgyaFMVFpa .

= H-flux behaves like a dark matter.
=- Light does not merely follow a null geodesic if ¢ is nontrivial.

Jeong-Hyuck Park http://park.sogang.ac.kr Sabbiatocal visitor to YITP working on DFT and Bose gas



Concluding Remark

DFT = O(D, D) completion of GR
GAB = 87TGTAB

EDFE as the master formula for massless NS-NS & non-Riemannian geometry.

e ¢~ colimit: V20 =47Gp+HH, VH=0, VxH = 47GK

H-flux as dark matter?

— Repulsive gravitational force for small ;7 as dark energy?

Are leptons and quarks distinct kinds of spinors for Spin(1,3) x Spin(3,1)?

O(D, D) Symmetry Principle: O(D, D) can be broken only spontaneously but
never explicitly. Is this true in Nature?
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