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Background & Motivation
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Not every EFT can be UV completed in quantum gravity!!!

T
Swampland: Apparently consistent quantum EFTs that cannot be UV
completed in quantum gravity
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Goal of the Swampland program:

What are the constraints that an effective theory
must satisfy to be consistent with quantum gravity?

C TT— —

What distinguishes the landscape from the Swampland?
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Swampland Conjectures
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Weak Gravity Conjecture (4-dimensions) [Arkani-Hamed, Motl,
Nocolis, Vafa, 06']

o (Electric WGC) For a U(1) gauge theory coupled to gravity, there exists at
least one charged objects with

m/q < m/q|extremar B in Planck units

so that extremal black holes can decay. Gravity is the weakest force for this
particle.

1

S = /d‘lX,/_—g %?R — PP
2 442

m/q|extrema/ BH — \/5
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e (Magnetic WGC) The cutoff scale A of the effective theory is
bounded from above approximately by the gauge coupling

A< gMp,
so that the magnetic monople is not a black hole.
Some remarks

e The coupling is energy scale dependent

e The charged objects satisfying WGC can be fundamental particles, bound
states or even BHs themselves
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e For Einstein-Maxwell-dilation theory, one needs to distinguish cases where
the scalar field mediates force or not. If yes, WGC is replaced by the
repulsive force conjecture.

o Generalized to multiple U(1)s (convex hull condition) and p-form

Black Hole Discharge
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Why WGC (or its variations) should be true?

For two such particles (the one with largest g/m)

2
Fgravity = 2,0 Fem il >
8rMzr 4rr
4_®_> 4—@—»
Fem Fyray Fyav  Fam
Fo¥ O, -
Fgm — Fgrav Foav  Feum Fon @ Fyor 4 Foav hel Fim
l Newtonian QT
@, bound state &
&

é Newtonian
(%) bound state
L@

= Infinite number of stable bound states not protected by symmetry. For N > 1
subextremal Non-relativisitc particles,

Ey(binding energy) ~ —N3Am® /M4, Am? = m? — 24? /\/Is

There exists N..it, above which the bound states have negative total energy,
signalling infinite entropy.
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Some evidence of WGC

e Kaluza Klein theories
e Massive string modes in Heterotic string compactified on torus

o GHS black holes in heterotic string with leading o’ corrections [Natsuume
94']

V2gQM, Black hole decay

MADM

No black hole decay

M, MADM
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Outside the framework of string theory, WGC has been applied to constrain
Einstein-Maxwell with 4-derivative corrections [Cheung, Liu, Remmen, 18']

AL= 1 R*+ R R™ + cyRype R
+ aRE, F™ 4 5 Ry FP ¥ 4 o Ry P ™
+ 1 F L PP FyF™ + s F FYPF g F7",

For an extremal RN black hole to be able to decay to smaller extremal RN black

holes Y,
c
001 = 4.
W, \fQ(+Q2+ ), ¢<0

On the other hand, tree-level unitarity of the 4-derivative interactions leads to
AS >0 atfixed M,Q

These two yield the same constraint on ¢;s in the example above, however, they
are independent of each other in more general case
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The problem

In gravity models preserving supersymmetry, when the extremal limit
of charged black holes coincides with BPS limit

M=Q
regardless of the detailed structure of the higher derivative couplings

Clearly, not all of them can come from quantum gravity. Although
AS >0

can give certain constraints.
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Our proposal

We recall that for non-BPS extremal black holes in Einstein-Maxwell
theories, the right higher derivative couplings tend to reduce the
attractive force, i.e. provide repulsive force

Slightly moving away from extremality, the contribution from higher
derivative couplings should be still repulsive

These considerations motivated us to look at near extremal (BPS)
black holes in supergravity models with higher derivative couplings

Clearly, at leading order, the attractive force dominates, but what we
can focus on the sign of the contribution from the higher derivative
couplings
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The set up

1) IIA string compactified on K3

2) Heterotic string compactified on 4-torus

In these two cases, the low energy limit is described by D =6 A/ =
(1, 1) supergravity coupled to 20 vector multiplets where the moduli
parameterize the O(4,20)/(O(4) x O(20)) coset space.

The leading o’ corrections are fully supersymmetrized in the NS-NS
sector (g, Buw , @) [Bergshoeff, de Roo , 89’, Liu, Minasian 13’, Novak,
Ozkan, YP, Tartaglino-Mazzucchelli 17']

3) We consider static dyonic string solutions that admit regular BPS limit

4) The natural probe is a fundamental string (parallel to the macroscopic
string)
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Dyonic string solutions in 6D 2-derivative supergravity

The bosonic Lagrangian

1
Lo=L(R+L2VFLV,L — Do HuoH"™" + ) Huyp = 304,By))

The static dyonic solution

dr?

d = D()(-h()dE + )+ Hyl(r) i + ).
B = ZP\/1+%M2+,/1+%A(r)dt/\dx, L:m,
2
D(r) = A(r) = 250 Hp(r) = 1+r£2’ h(r)=f(r)=1- rﬂz

When P = 0, the solution recovers the known solution
[Duff, Lu 93']
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Thermodynamics

3 T
M = = - P
8 u+-4(Q—+ ),
-

N/
2n \/p+ P+ Q’

s = %#\/ﬁm\/w—@
Qe = %\/6\/ 1% + Qa ¢e =

)

=
B
)

_|_
Qu = IVPVuEP, Gu=|—
= P b=y
¢ =0, T—=0M—=Q+Qm S—0
[ ]
dE Vif (i P, Q)
=9 _VERPQ)
T dT le.qu 4PQ — 12 (e, P,Q)>0

Near extremal, C+ > 0 similar to near extremal RN black hole in
asymptotically Minkowski.
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Probe string

In string frame

S = —Tz/dzf( _det7+%€ijaiXManNBMN>
i = emndiXMoxN
C=t, &=x
By x* = constant, one obtains the static potential
dv(r
V=T (V8t8ox — Bu), F=-— dE) )

Plugging the solution

V(r) = r2+Q(\/1—u/r— V1+4/Q)
Weak field expansion in the region where r > max{,/11, v @, V/P}

i 1= VIH0/Q o yo-a
V(r)/T,=1 1+u/Q+21+m +0(r )
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In order to see the contributions from different forces, we switch to
Einstein frame

1,
gun = L 2gypn

Then the static potential can be rewritten as

1
V=T (L_ﬁw —gEgE — th)

In the asymptotic region where r > max{ /i, vV/Q, V/P}, we have
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o/-corrections from IlA string on K3

ASs

lua ”'35_%[ (@) (tatsR(w+)4 - —68683(w+) — 2gts I R(w)?

.21l

1 .
- EegfgIIQR(w+)3 F8-AY ATy )]

i

+

2
3 #211 ae (tgth(m+)" + icgng(w_,_)d + %fgeﬂﬂR(u.,.)“ - %FanIIz (DH)?R(w+) +

T 6
7%&‘3 A (Xg(R(er)) ¥ Xg(R(w_))] ,
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o/-corrections from IlA string on K3
The leading higher derivative correction arises at 1-loop

/

Liryre = Lo + 16 (’CGB + LRiem?)

1
Lo = Rﬂ,,pa RHP7 — 4R, R* + R? + 6R/—/2 — RMH,
5 1 2

H4 — (H?)" = = (H?
1 + 144 ( ) 8 ( AW)
_4€HVPUATB R B(w+) )\TBa(w‘F) ’

+= Ruupo HrA Hpa -l-

ra 1 VPO AT
Lrion? = Ruwas(@ )R (w_) = 3?7 By R, g (w- )Ry o (0-)
R pwe) = 0uwl g+ wi wl g — (Lo v), wig=uwis +3 3H.

e The ¢(3) term that appears at tree level in the 10D effective "vanishes”
upon reduction to 6D [Liu, Minasian 19']
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Thus the full ansatz takes the form

dsg = D(r) (—h(r)dt2 + dx? +-> + Hp(r) (;’(_’rz) I r2d§2§> ’

Bay = 2P~/1—|—%w2+1/1+%A(r)thdx, L=1L(r)

L = Lo+06L, D=Dg+é6D, A= D+ A
f = fo+d6f, h=fh+oh w=dw
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Thermodynamic quantities with o’ corrections

3 . 3mA(Bpt2Q)
M o= gt Q@+ P = o o 20
Y ViQi+40)

2rut PVR+Q 47r\/u+ (,u—i—Q)5/2(,u+2Q)
1, /v + PQ(5u + 4Q) o
— _ P
S 57 NIOVATE w+ Q+ (i + QP(i + 2Q) ;

m Q ' Q(Bu+4Q)
e = — s (D =
@ 4\/5 ntQ p+Q 2(M+Q)5/2(u+20)a

T P
n = —VP P, &,=4——
Q 4\F\/u+ ”/H—P

These satisfy the first law of thermodynamics up to O(a’?)

dM — TdS — ¢.dQ. — ¢, dQn = O(a’?)
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e The BPS limit is still defined at 4 =0
T=0, M=Q+Qm, $=0
e Reparametrization degree of freedom at O(c)
p— pt+a fi(u, P,Q), Q— Q+d'h(u,P,Q), P — Pdf(u,P,Q)

However, the relation among physical quantities are unaffected

e The leading order solution suffices for deriving the thermodynamic
quantities at O(a) [Reall, Santos 19']

le = Ieo(T, Pe, Q) + ha(T, Pe, Qm)
based on which one can also show

65(/\/,7 Qe7 Qm) = _Ihd

Here

2 /m/p+ P9+ 8Q)
6(u+ QP2

0S(M, Qe, Qm) =
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Static potential felt by the probe string

V(r)/ T, —V1+u/Q-Xr*+0(1/r%),

Y PR A AN 30/ (3p +2Q) p?
2 Q 8(k+ Q)*(n+2Q)

>

The large r expansions of the fields in Einstein frame are given by

_oE _ 1_9% —4 _1 3o/(3u+20)u2
1 o » L/ 5 3d(Bu+2Q)u
L72(r) = 1 2 +0(r ™), o= 5 <Q P 8(Q+u)2(2Q+H))

Bo = V1+u/Q-3+0(r*), o8 =QV1+1/Q

Y =o05+0L—-08B

It is clear that if the o/ correction 0% is positive, it enhances the attractive force,
while a negative dX is repulsive.

(Tianjin University) a’-corrections to Near Extremal Dyonic <[/ PCFT/ICTS, University of Science and Techr




e o/ correction to the static potential expressed in terms of (i, P, Q)
which are not physical quantities and can be redefined with o
dependent terms

e However, the relation among physical quantities should not depend on
the reparameterization. We thus need to recast ¥ in terms of physical
quantities in order to discuss the a/-correction to the static force

We can first solve for parameters @ and P from

Q- Vu? +64Q2 — p_ Vmu? +64Q2 —
27 ’ 2
e Express p in terms of (T, Qe, Qum), (M, Qe, Qm) or (S, Qe, Qum)-
They correspond to the inclusion of the higher derivative interactions
in 3 different physical processes: 1) isothermal process; 2)
isoenergetic process; 3) isoentropic process
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In case 1, we express p using (T, Qe , Qn) about T = 0. We find that
p=cT?*+cT*+0(T°
where

G = 64QeQm + 327TQmO/ )
& 5127 Qe Quu(Qe + Qum) + 12872 (4Qc + Qu) Quma’

We can also perform a low temperature expansion of X at fixed electric
and magnetic charges

Y = 1287 Q. QA T* +32m2 Q2 T4 + O(T?®)

from which we see that the higher derivative corrections seem to enforce
the attractive force.
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In the Einstein frame,

og = w + 647TQe T4 (QeQm + Qrzn)
+16m° T* (4QeQm + Q7)) o' + O(TO),
2(Qe — Qm
o = M — 647 Q. T* (QeQm — Q2)
1672 T4 (Q2 — 4Q.Qu) o + O(T?),
og = 4Q + O(T6)
Vs
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In case 2, we express p using (M, Qe , Q) near the BPS limit in which M
approaches My = Q. + Q. Thus we define the expansion parameter as
OM = M — My. 1 can be expanded in terms of powers of §M

1= c16m+ co(6m)? + O(6m)3

where
8 B —4Q§ —4Q:Qum + 37 Qe

Cl = — C
1== @ ~Q2Qm

Meanwhile, the leading coefficient in the potential acquires an expansion

(37T2 c? Qe — 4mc? Qg)

- _ 2 3

Yy = 1283 Im* 4+ O(6m>),
20m?  35m?d/ 3
= o 2Q2 + O(0m>)

from which one can see that the higher derivative corrections appear to
reduce the attractive force.
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The leading falloff coefficients of various fields in Einstein frame, up to
first order in o’ we have

2AQu+ Q) | Qe Quém?  36n7
=
2(Qc — Qu — Q. 6m?>  35m?
o = A Q) Qo Qo It 0oy,
- 4Qe-|—(’)(5m3)
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In case 3, we express p using (S, Qe , Q) near the BPS limit in which
S — 0. To distinguish with the entropy in the thermodynamics, we use s
to denote the small entropy expansion parameter. We find that i can be
expanded as

1= cos® + s + O(s%)
where up to first order in «

. 1 . O/ > — — Qe+ Qm (4Qe+70m) /
T 4m2QuQm  8TQ2Qn T 0 128m3Q3Q3 | 512m2QAQ3

Meanwhile, the leading coefficient in expansion of the potential acquires a
small entropy expansion

Co

(37r2c§ Q.o — 47rcg 02)

y = — L+ O(s®
128Q3 s+ O(s”)
st 7s*

— o
51273Q3Q2, 204872 Q4 Q2

"+ 0O(s%

from which one can see that the higher derivative corrections appear to

reduce the attractive force.
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The leading falloff coefficients of various fields in Einstein frame, up to
first order in o/ we have

. 2(Qe + Qm) Qe + Qm 4 4Qe + 7Qm 4 6
% = P TP o Ta T T Yo o R GO
_ 2(Qe - Qm) Qm - Qe 4 7Qm - 4Qe 4 6
o = P Y o Ta T T TTor Yot R SRR
4Qe
o = S +O(S6)
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o/-corrections from heterotic string on 4-torus

The leading higher derivative correction arises at tree-level

1 /
Liriire = V8L (R +LPVILY,L = o Hpu B 4 %Ruyaﬂ(w+)R””aB(w+)>

where the 3-form field strength H,,, includes the Lorentz Chern-Simons term
- 1,
H(3) = dB(z) + ZO( CS(3) (W+)
such that it obeys a deformed Bianchi identity
~ 1
dHz) = 70/ R%(ws) A R (w+)

This theory is related to IIA on K3 by S-duality

LHA * HHA Hhet LIIAglILIyA _ gl}:st’ LHA _ 1/Lhet

(Tianjin University) a’-corrections to Near Extremal Dyonic <[/ PCFT/ICTS, University of Science and Techr



e Using duality and applying suitable change of coordinates, we obtain
the dyonic string solution with o’ corrections in heterotic string on

4-torus.
3 3mu?(3u + 2P)
M(het) _ /
Fla (Q+ P) = B P2
Sy _ 1 Vi VP (5 + 4P) y

Ut P+ Q 4m/i+ Qu+ P2+ 2P) "

1 72 /v + QP (5 + 4P)
S(het) — -2 P /

ST VHV I+ PVt Q+ 2+ PP 2P)

Qe — %W\/a i1 Q, ol — /L’

p+ Q

Qlhet)  — %\/ﬁ i+ P, olet) — /pr+ (M\fP(5u+4P) o

2(p+ P)3/2(pu+2P)

which are related to those in the IIA case by interchanging parameters P, Q. At
fixed conserved charges (M, Q., Qu)

™ \f\/ﬁ(gﬂ“r 8P) o
16(+ P)2

6Shet
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Static potential felt by the probe string

The probe string in heterotic side is electrically charged, dual to the
magnetically charged one in the lIA side we find that the static potential
takes the form

V(r)/Ta=1-1+p/Q—-%/r* +0(1/r), z:§+o (1_ N+QQ>
1) Isothermal

Y =1287Q.Q2 T* + 12872 Q. Qu T4/
2) Isoenergetic

s 26 m? < 3

+ r_ 2 _ 2 5 3
Q  \ 202" T 7@ 1Q.Qm )"

3) Isoentropic

54 4

_ S / 6
= soogq  seegqr® T
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Summary
e We obtained static dyonic string in both IIA on K3
and heterotic on 4-torus with leading o corrections
e We worked out o’ corrected thermodynamics AS > 0
e If the inclusion of the correction is an isoentropic
process, the higher derivative corrections always tend
to reduce the attractive force when the system slightly
deviates away from extremality
Future direction
e Strings probing Taub-NUT, adding linear and angular
momentum (in progress)

e Check D = 4,5 examples with embedding in string or
M-theory
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Thank you for your attention

o = = E = 9acn
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