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6d Anomalies

A

6d chiral fermion yr with charge g under abelian gauge peld A
A A

Anomaly q4 / ANEAFAF \\q -~ q/

C A

-}

Anomaly polynomial

5! of Brpr AN

: A . N Fff £ [ Ripi A Dk l
Several fermions l//f, several gauge fields A’ Z 4;9;9%4 /AZF‘7 ANEYNF
f
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Circle reduction

Consider the theory not on M, but Ms x S!. Look at the EFT on M..
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Circle reduction

Consider the theory not on M, but Ms x S!. Look at the EFT on M..

No chirality in 5d -> no anomaly? 6d: inconsistent theory

s

5d: consistent theory ?
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Circle reduction

Consider the theory not on M, but Ms x S!. Look at the EFT on M..

No chirality in 5d -> no anomaly? 6d: inconsistent theory

Evil is conserved l gl
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Circle reduction

Consider the theory not on M, but Ms x S!. Look at the EFT on M..

No chirality in 5d -> no anomaly? 6d: inconsistent theory

Evil is conserved l gl
- e
| =0

Sl

In [PC, Grimm, Regalado "17] we looked at this question in 4d —— 3d
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Circle reduction

Consider the theory not on M, but Ms x S!. Look at the EFT on M..

No chirality in 5d -> no anomaly? 6d: inconsistent theory

Evil is conserved l gl
- e
| =0

Sl

In [PC, Grimm, Regalado "17] we looked at this question in 4d —— 3d

3d gauge invariant If {-function regularization x
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Circle reduction

Consider the theory not on M, but Ms x S!. Look at the EFT on M..

No chirality in 5d -> no anomaly? 6d: inconsistent theory

Evil is conserved l St
| goo =
| =0
Sl

In [PC, Grimm, Regalado "17] we looked at this question in 4d —— 3d

3d gauge invariant If {-function regularization x

3d non-gauge invariant  If regularization preserving uv symmetries J

varies as it should
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Quid if no anomaly ?

4d anomalous

B

3d regularization matters
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Quid if no anomaly ?

4d anomalous 4d anomaly free (G =0
s | s
3d regularization matters 3d regularization does not matter
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Quid if no anomaly ?

4d anomalous 4d anomaly free ;G =0
s | s
3d regularization matters 3d regularization does not matter
In6d: = 0

Cannot add fermions with suitable g's to cancel the anomaly
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Quid if no anomaly ?

4d anomalous 4d anomaly free ;G =0
s | s
3d regularization matters 3d regularization does not matter
In6d: = 0

Cannot add fermions with suitable g's to cancel the anomaly

Need to resort to the Green-Schwarz mechanism
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Green-Schwarz Mechanism

Add to the action —bBAEFAFE

B is a 2-form which varies as ! B = 2 p9P

GS term classically non-invariant
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Green-Schwarz Mechanism

§
Add to the action —bBAEFAF L ) L
B is a 2-form which varies as | ® = 2 bOP
F
GS term classically non-invariant 4 P one-loop variation

cancels

1
.F
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Green-Schwarz Mechanism

A A
Add to the action —bBAEFAF L ) L
B is a 2-form which varies as | ® = 2 bOP
A A
GS term classically non-invariant 4 > one-loop variation

cancels
4 1[)2
If ;C]f — 3

e Expect 5d regularization to always matter

Implications for F-theory on Calabi-Yau threefolds. Focus on susy theories.
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6d 4/'=(1,0) anomalies

Gravity multiplet + nptensors + nyvectors + ngyhypers
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6d 4/'=(1,0) anomalies

Gravity multiplet + nptensors + nyvectors + ngyhypers

ny abelian gauge fields Ai, i=1,....ny
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6d 4/'=(1,0) anomalies

Gravity multiplet + njptensors + nvvectors + ny hypers

nvabellan gauge fields A, i=1,...,ny

Anomal
4 n* charged fermions, with charge ql, f=1,...,n* under A

H T H
ochijqkql
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6d 4/'=(1,0) anomalies

Gravity multiplet + njptensors + nvvectors + ny hypers

nvabellan gauge fields A, i=1,...,ny

Anomaly

ochijquz

nlj charged fermions, with charge g/, f = L,...,n% under A

ny+ 1 two forms B

Green-Schwarzterm | by B " P' " P where » means contraction with SO(1,ny) metric Qa5
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6d 4/'=(1,0) anomalies

Gravity multiplet + njptensors + nvvectors + ny hypers

nvabellan gauge fields A, i=1,...,ny

Anomaly

ochijqkql

n;j‘; charged fermions, with charge g/, f = L,...,n% under A

ny+ 1 two forms B

Green-Schwarzterm | by B " P' " P where » means contraction with SO(1,ny) metric Qa5

: " f f f _
Anomaly cancellation condition reads E g q; d C]z = bijki

where by ! by vby + b ¥y + by vbk
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6d 4/'=(1,0) anomalies

ff f
Pure gauge Z d; 45 4 C]z — bijkl
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6d 4/'=(1,0) anomalies

fff f_ 3
ure gauge Z R QZ ; b& — Green-Schwarz coefficient
.o A

9 —np = a¥a
Pure gravitational

ng —ny = 273 —29nr Erler ‘03

Park, Taylor “11
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6d 4/'=(1,0) anomalies

f f f I
ure gauge Z 1145 e QZ ) b& — Green-Schwarz coefficient
.o 5

9 —np = a¥a
Pure gravitational

ng —ny = 273 —29nr Erer 103

Park, Taylor “11

S, = Mp16/ 36;1—hUvngA;qu—ga5(djaA;de%éaA;éB)
Mg
—zbij-jFiA;Fj—BA-(%atr?%2+2bijﬁ’i/\ﬁj)

Reduce it on S!
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Classical S! reduction

Reduction Ansatze

A=A+ 11 (dy! A9 A°® is the graviphoton

B =4B" 1 44" Zbi!j 1Al (dy! A 1" are the Wilson lines

5d: dualize B! into A’
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Classical S! reduction

Reduction Ansatze
A=A+ 11 (dy! A9 A°® is the graviphoton
B =4B"1 44" 2bi!j 1t (dy! A°) ' are the Wilson lines

5d: dualize B! into A’

Anomalies - focus on the Chern-Simons terms
| 8 — | iAO J AR A i bi A" F'" P gauge invariant

Lo = Ly A ER RN Ak EL RO 4 Sy kAl O RO

Non gauge invariant: come from the GS terms
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Canonical form

Expect N =1 (8 supercharges)in 5d. Canonical form (vector part)

Séan = | G, (d¢' " edg? + @ *rﬂJ)! ki @ B0 K

Prepotential F = % krok ¢ ¢ ™
1 0% log F
GIJ——56¢18¢J o kigk =115k F
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Canonical form

Expect N =1 (8 supercharges)in 5d. Canonical form (vector part)

Séan = | G, (d¢' " edg? + @ *rﬂJ)! ki @ B0 K

. 1
Prepotential F =g kik ¢ ¢’ "

1 9% log F

Grg= —2 Kok =1 !1altkF

2 061067 | -_,

!O: Cr! 4/ 3
C | 1 1 o Lipdpkypl

= g ®E 2 2y Fo= o100t Shy vl T+ =y ——
!i — Cr! 4/ 3 ni
c = 32'/?
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Canonical form

Expect N =1 (8 supercharges)in 5d. Canonical form (vector part)

Séan = | G, (d¢' " edg? + @ *rﬂJ)! ki @ B0 K

Prepotential F = % kr i & ! 6K

1 0% log F

Gry=—5 Kok =Nyl F

2 091097 | -_,
!O: Cr! 4/ 3
' C2/3!" |2|"i"_" 1,0 1 L 1 Illjlkll
!-:Zr " 21 7N j FZE! !¥!!§hj¥” !J+2—4hjkl 5
!i — Cr! 4] 3 | -

cubic v Not cubic X

c = 32'/3
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One-loop corrections
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One-loop corrections

Single spin 1/2 fermion mass m and charge ¢

L e = 2i4q3 signMm)A! F! F
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One-loop corrections

Single spin 1/2 fermion mass m and charge ¢

L e = 2i4q3 signMm)A! F! F

Contributions of spin 3/2 and tensors computed in  Bonetti, Grimm, Hohenegger "13

Dark World to Swampland — Pierre Corvilain — 6d //=(1,0) anomalies on St and F-theory implications



One-loop corrections

Single spin 1/2 fermion mass m and charge ¢

L e = 2i4q3 signMm)A! F! F
Contributions of spin 3/2 and tensors computed in  Bonetti, Grimm, Hohenegger "13

- If at least one ext gauge field is A, only charged hyperini run in the loop

- If all ext gauge fields are A, all KK-modes of spin 1/2, 3/2 and tensors run in the loop
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One-loop corrections

Lieor = 1 Ly ATFTFX +3 ko ATFTFO+3 koot ATFOF O + koooACF OF°
1 : /
ki = 5 o ¢ o sign(mb)) e = 2 F
Ntz o '
1 : = 1/ 3 :
koj =7 N qq signmp) mf =1 o N+ g
Ntz f T
1 ' -
koot = 5 n®  q sign(my)
ntz ,f 0
| | # $
Kooo = % n° sign(m;,)+ ny +nt —ny +2(1 —nt) —5 sign(my)
n!'z f
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One-loop corrections

3 U(1)’s coming from 6d 3 KK-photons
Lieor = 1 Ly ATFTFX +3 ko ATFTFO+3 koot ATFOF O + koooACF OF°
1 : /
ki = 5 o ¢ o sign(mb)) e = 2 F
Ntz o I
. | = /3 .
kOIJ = % N qf Cﬁf S'Q”(m];) m1E = E I’_o . n + qf Il In
n'z f " J .
| !
1 ' -
koo = L 02 d sign(m})
n! Z o f 0
| | # $
Kooo = % n° sign(mf)+ np +nt —ny +2(1 —nt) -5 sign(m)
n!' Zz f
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One-loop corrections

3 U(1)’s coming from 6d 3 KK-photons
Lieor = 1 Ly ATFTFX +3 ko ATFTFO+3 koot ATFOF O + koooACF OF°
1 : /
ki = 5 o ¢ o sign(mb)) e = 2 F
Ntz o I
. | = /3 .
kOIJ = % N qf Cﬁf S'Q”(m];]) m1E = E I’_o . n + qf Il In
n'z f " J .
| !
1 ' -
koo = L 02 d sign(m})
n! Z o f 0
| | # $
Kooo = % n° sign(mf)+ np +nt —ny +2(1 —nt) -5 sign(m)
n!' Zz f

Sums ill-defined —# need to regularize
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{-function regularization

fre 1
’L]]% o Zqi q; q/fc (5 + 51 — q{ <<l>)

62? Z 9i qJ ( o To2t % 0k 41 <Ck><cl>) S; : some integer functions
of qlf and <é’i>
Koo; = Zqz (85— 5 af afaf () (C)(Ch)

1

Kih = Z (Sa+ 5 af df af af (CHENCNC) + 535 (it = ny = np = 3)

f
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{-tunction regularization
/* Not properly quantized Z di C]] C]k C]z
re 1 Reminiscent of the anomal
’fijizzng;qgc (5+51—qlf<C>) /
pree Z —|— So + 1 f f <Ck><Cl> . .
O%J 9 qJ 27T 5 4k q S. : some integer functions
of qlf and <é’i>

Koy = Zqz (53 — sl a g (NN

Kih = Z (Sa+ 5 af df af af (CHENCNC) + 535 (it = ny = np = 3)
f
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{-function regularization

/* Not properly quantized Z di q] Qk C]z
re ff sl f Reminiscent of the anomal
kij%:ZQzQJQk(§+Sl_QZ<C>) Y
LTS _ 1 f £/ k\/
Ozj Z q; qJ ( o T o2+ 5 4k 1 (¢7)(C >) S. : some integer functions

of qlf and <é’i>
Kios = Zq@ (85— 5 af afaf () (C)(Ch)

s = Z (84 + % gl af gl af (CHENCENCE) ) + 1o (o = ny = ng — 3) %ﬁ

f

Invariant under and 'A' =d"' and §¢% = n’. Should not be the case: 1Pl should vary.
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{-function regularization

/* Not properly quantized Z di q] Qk C]z
re ff sl f Reminiscent of the anomal
kij%:ZQzQJQk(§+Sl_QZ<C>) Y
LTS _ 1 f £/ k\/
Ozj Z q; qJ ( o T o2+ 5 4k 1 (¢7)(C >) S. : some integer functions

of qlf and <§i>
Kios = Zq@ (85— 5 af afaf () (C)(Ch)

Kih = Z (Sa+ 5 af df af af (CHENCNC) + 535 (it = ny = np = 3)

f

Invariant under and 'A' =d"' and §¢% = n’. Should not be the case: 1Pl should vary.

Regularization taking place in the UV ——% Need to use regularization

preserving 6d Lorentz invariance, e.g. start from 6d Pauli-Villars
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6d Lorentz invariant regularization

~— Full scalar field, not just vev

Kile, = | dq o % + S, ! % frl Coefficients changed
R :

k(r)?jg = q qf | é St %r dcq ! S; : some integer functions
R " of gf and (')

koot = d Ss! o deg itk
N

Kooo = Syt ﬁ)(nH ''ny! nt! 3)
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6d Lorentz invariant regularization

~— Full scalar field, not just vev

Kile, = | dq o % + S, ! % frl Coefficients changed
R :

k(r)?jg = q qf | é St %r dcq ! S; : some integer functions
R " of gf and (')

koot = d Ss! o deg itk
N

Kooo = Syt ﬁ)(nH ''ny! nt! 3)

OAnomaly preserved

| | | | under circle reductionO
Varies as expected under 'A' =d"' and 6¢' =n'
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6d Lorentz invariant regularization

~— Full scalar field, not just vev

_ Pff 1 3 f1 Coefficients changed
Kje = GqG ,+Si! g :
! ! H
reg _ ff 1 1 f frkyl
kOiJ B Gqg E-l_ S + chql | S, : some integer functions
l j " . # of qlf and <§i>
_ f f o frjrkyl
koot = O Ss! Sqaq!ik
f
l
' 1
k(r)eo%: Sy + H)(HH! ny ! nt ! 3)

OAnomaly preserved

| | | | under circle reductionO
Varies as expected under 'A' =d"' and 6¢' =n'

Lnohauant =1 = by ! f qqad !'AFFE AR+ S1EATEORS
R

. no field-
= 0 if anomaly canceled —» no fiela-dep C5 terms

* gauge Invariant
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CS for an anomaly free theory

Assuming all anomalies cancel

o - . - .
L =1 ZA%FvF+ 2b AF'FI L = g ATFIFR! Zavhy ATFIFOL - avaA%FOR®
f
Infer the fully corrected prepotential
Fg‘;am - %!0! 1 %bj IR 1i2 qqqkl'lllk+ %a¥hj 10111 4 —a¥ a(!9?

f
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CS for an anomaly free theory

Assuming all anomalies cancel

cs — | LAO0F, 1 sapipis L fofof AIEIEKT 1avh AIFIEOT L 5,4 AOFOFO
L .4AFF+4bJ AFF.24quq<AFF.8ahJAFF.48aaAFF
Infer the fully corrected prepotential
Fquant — 1|O|¥| I lb eIl T +i. f qu|i|j|k+ Ea¥h. 1 Oy 1y ) +ia¥a(lo)3
Sl 2. - H H 2 J . . . 12 qq k. . H 4 J' H . 24 .
f
Corrected coordinates  ¢° = ¢ r—4/3
I
a € 2/3 (" T A o —2 10 1]

o = 717 ( 1" A% +2r bijggﬂ)

¢i:CT_4/3Ci

| =82r' 4 ava+ zady U+ = i gtk Sy 1Tk

f
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Bonus: Quantum corrections to the kinetic terms

| | o a 1 0% log F
Thanks to susy infer quantum corrections to kinetic terms 1= =5 001047 .
Before corrections
kKin,class — | g I 2 T | 1 8/3gE0n | 0 U V
L | Sri2drt tdr! o i #I’ﬁ | hyy dg” " !'dq ,

| %g!-- did" tdj" +rt Y3 ET 1 2fvy rf 2dttrr g+ rZ3E R
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Bonus: Quantum corrections to the kinetic terms

| | o 1 0% log F
Thanks to susy infer quantum corrections to kinetic terms ~ Grj = — s+ 747
2000907 | r_;
After corrections
. 1! 4 b1
Kin, quant — | g I 2 "o 8/3 | = il B |2 0+ | 0
L | I3r T d{ L dr +r | 4+2.| I# #
U S 2 g it dT Y3 e g B
$ » %
125 1(1I 41 )' i + 2! ||J i N J
o2rt 2y 11T o T d'i"1d
& " | y
. 1 o
L 2r® ey Ar L o g F
I 11
| . -
11 - " i g/3 1 @O i
ot !(d + %3 S0 G !)l#
+r2’3j!#1! L E I E L 210 O
| =32¢'4 Lgvg+ 2t a¥h iyl 4 1 oo o'kl ib. ikl

f
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F-theory implications

F-theory effective actions: use the F/M-theory duality : F-Theory 12d
M-Theory 11d Ys
v
?, [6d N = (170)]
5d N =1
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F-theory implications

F-theory effective actions: use the F/M-theory duality : F-Theory 12d

M-Theory 11d

Ys3

N ,0)]

classical @3 [6d
v m’

5d N =1

v
= (1
l St quantum

\J 5d N =1

compare

Morrison, Vafa ‘96
Bonetti, Grimm 11
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F-theory implications

F-theory effective actions: use the F/M-theory duality : F-Theory 12d
Vectors come from expending M-Theory 11d V.
C; along harmonic (1,1) forms ’

\ 4
Co= Al hwp+... T=1,... K (¥3) classical | ¥s ﬂ’@d N =(1,0)]
v 1Tt

l St quantum

\J 5d N =1

compare

5d N =1

Morrison, Vafa ‘96
Bonetti, Grimm 11
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F-theory implications
F-theory effective actions: use the F/M-theory duality : F-Theory 12d

Vectors come from expending M-Theory 11d

n Y-
C; along harmonic (1,1) forms )

ég — AI /\CU[ —+ ... [ = ]_, .. .,hl’l(Yg) C|assica| ‘@3 W{éd N ,O)}
v ITt

v
= (1
l St quantum

5d N =1
\_/v 5d N =1
Chern-Simon terms compare
Morrison, Vafa ‘96
1 | Bonetti, Grimm 11
SCSZ—E Cg/\G4/\G4=—EK]JK/ AI/\FJ/\Fk,
./\/l5 XY3 M5
Poincaré dual
divisors
Intersection numbers Krix = / wrNwgAwg =DrND;yNDg .
Y3
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F-theory implications

F-theory effective actions: use the F/M-theory duality : F-theory 12d

M-theory 11d Y,

ros _ 1 KCrore AL A FT A FF classical ?; /»[&j N 7())}
12 v lift

v
= (1
Sy A =1 lSl quantum

K[JK:/ wr\NwjANwg =DrND;NDg. 5d N =1
Y3 \_/V

compare

Intersection numbers are beld-independent

——p  Can only be matched with circle reduction of an anomaly free theory

——  EFTs from F-theory obtained via M-theory are automatically anomaly free
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F-theory basis

We take Y; elliptically Pbered , smooth, with extra sections o;

The correct basis to lift to F-theory D; = (Dy, Dy, D;)

- The vectors A lifting to two-forms (tensors multiplets) come from vertical divisors

D, =1'(D?P), " =1,..,ht(By)
- KK-photon A" comes from the zero section ¢, shifted as
1 Park 11
— n n |
Do=1gp! 5('0 lo" D )Dl ; Grimm, Savelli 11

Bonetti, Grimm 11

- U(1) vectors come from the extra sections al-f)s shifted as

Park 11
Morisson Park ‘11

Di:O'Z'—O'()— (Oi—Uo)ﬂUimDa] Da
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Prepotential

UI

Y1/3

come from the Kahler form J = vlw;

Scalars ¢! =

- 1
Prepotential Fur = Krrrolol of

For the basis D; = (Dy, D, D;), compute the intersection numbers, find

1 1 i i
Fu= ;¢ wop+5m(DiNDj)epp'y
I 11

—I—é/Cf,;jkgoigojcpk — iw(DiﬂDi)ngpogpigpj + Q—ZKoK.ng ’

Grimm, Kapfer, Keitel "11
where

oroduct with 7as = Do N Dy intersection matrix on the base

' projection onto the base

K coefficients of Kj' = KD},
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Match

Matches with the prepotential from the circle reduction

quant_lo 1. i 1~ ff fripjrk o L O i 0\3
F —EI I« 1] Ebj¥|| |J+1—2 qqqkl IJI +Za¥hJ! I |J+—a¥ (I)
f

if one identifies

¢ = ¢
Nap = Lap
aOé — KOé

b% — —W(Di f Dj)a

Kijh = Zqijqk,
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Match

Matches with the prepotential from the circle reduction

quant _ 1,0, I 1 i fafririrke 1, 0y i .o (1 0)\3
Fo _E!!!!Ebj |l IJ+1—2 qqq<!!1!+zab1!!"+—a a(!")
f
if one identifies Sadov ‘96
Match with literature Park "11
¢I = SOI Grimm, Kapfer, Keitel ‘13
N = Lag
aa — KOé

b% — —W(Di A Dj)a

Kijh = Zqijqk,
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Match

Matches with the prepotential from the circle reduction

q“a”t:1|0|¥||1.¥||'ll+i' vipitkye Toup 101010 + L 5v5(10)3
F ARLAEN Zhj I 12quqk ;2 b !! -2 & a(!”)
if one identifies Sadov ‘96
Match with literature Park 11
¢I = SOI Grimm, Kapfer, Keitel ‘13
Mg = $lap
& e c = 321/3
g =K Justifies %= cr 4’?
o o
bij — _W(Diij) 1= Zr2/3 it 212 'J winj
zgk— Zqijqk7 1 = cr! 4 3 i
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Match

Matches with the prepotential from the circle reduction

q“a”t:1|0|¥||1.¥||'ll+i' vipitkye Toup 101010 + L 5v5(10)3
F ARLAEN Zhj I 12quqk ;2 b !! -2 & a(!”)
if one identifies Sadov ‘96
Match with literature Park 11
¢I = SOI Grimm, Kapfer, Keitel ‘13
Mg = $lap
& e c = 321/3
g =K Justifies %= cr 4’?
o o
bij — _W(Diij) 1= Zrzls it 212 'J winj
zgk— Zqijqk'7 1 = cr! 4 3 i

, ~« All anomalies cancel
Match only possible if

» Adequate regularization
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Summary

¥ 6d //'=(1,0) anomalies on a circle

» Regularization preserving 6d Lorentz invariance

v

Field-dependent Chern-Simons terms

v

Vanish when anomaly cancel via Green-Schwarz mechanism

» 5d A'=1 cubic prepotential for anomaly free theories

v

Read off quantum corrections to the kinetic terms

¥ F-theory implications
» CS coeff are intersection numbers —4 EFTs from F-theory are anomaly free
| Pertect match of circle and M-theory prepotentials -+ All anomalies cancel

. L , Adequate regularization
| Correct identification of the coordinates b

Thank youl!
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