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based on



Are photons gravitationally produced
in the early universe?

cf. inflaton, gravitons



CLASICALLY, NO

Photons do not feel gravity in an FRW universe.
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BUT QUANTUM MECHANICALLY ...

gµ� � �2gµ�invariant under Weyl transformation:

Photons DO feel gravity in an FRW universe.

Weyl symmetry is anomalous.
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IMPLICATIONS FOR OUR UNIVERSE

ESA and the Planck Collaboration

cosmological photon production
→ primordial magnetic fields

galactic B (hints of) extragalactic B
atB & 10�15G
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& Mpc
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• Intrinsic to the SM, so the produced B (if any) serves as an 
irreducible contribution to the B of our universe

• Many studies on this topic since Dolgov ’93, but with little 
consensus on the B strength

PRIMORDIAL B FROM WEYL ANOMALY



• Intrinsic to the SM, so the produced B (if any) serves as an 
irreducible contribution to the B of our universe

• Many studies on this topic since Dolgov ’93, but with little 
consensus on the B strength

• I will show that there is actually NO B from Weyl anomaly

PRIMORDIAL B FROM WEYL ANOMALY



PLAN OF THE TALK

• Primordial B from Weyl Anomaly

1. quantum effective action in curved space

2. quantum/classical nature of photons

• Primordial B from beyond-SM



B from Weyl Anomaly:
Quantum Effective Action
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QED EFFECTIVE ACTION IN FLAT SPACE
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QED EFFECTIVE ACTION IN CURVED SPACE

gµ⌫ = ⌘µ⌫ + hµ⌫
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Barvinsky, Vilkovisky ’83 ~



QED EFFECTIVE ACTION IN CURVED SPACE

gµ⌫ = ⌘µ⌫ + hµ⌫
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Barvinsky, Vilkovisky ’83 ~

Perturbative expansion valid if R2 ⌧ r2R,
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QED EFFECTIVE ACTION IN CURVED SPACE

gµ⌫ = ⌘µ⌫ + hµ⌫
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Barvinsky, Vilkovisky ’83 ~

which is NOT the case in cosmology.
Perturbative expansion valid if R2 ⌧ r2R,
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BEYOND WEAK GRAVITY
Curvature expansion can be resummed to all orders for
classically Weyl-invariant theories in Weyl-flat spacetimes.

Bautista, Benevides, Dabholkar ’17
⌘µ⌫
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B from Weyl Anomaly:
Gauge Field Evolution
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CALCULATION

• Evolve the gauge field EoM starting from Bunch-Davies 
vacuum during inflation, until EW phase transition

• parameters :                                                         
QED beta func (∝ # of massless charged particles), Hinf 

• Landau pole bound : Hinf < Λmax



0.001 0.010 0.100 1 10
b10-8

10-6

10-4

10-2

(κk - 1/2)EW

0.001 0.010 0.100 1 10
b10-5

10-4
0.001
0.010
0.100

1
10
|βk 2EW

Hinf = 1014 GeV
Hinf = 106 GeV
Hinf = 1 GeV

RESULTS

b =
Tr (Q2)

6⇡2
<latexit sha1_base64="hjsv/jhFHaVvoM9AtsRJXKhh4uI="></latexit><latexit sha1_base64="hjsv/jhFHaVvoM9AtsRJXKhh4uI="></latexit><latexit sha1_base64="hjsv/jhFHaVvoM9AtsRJXKhh4uI="></latexit><latexit sha1_base64="hjsv/jhFHaVvoM9AtsRJXKhh4uI="></latexit>

k

a0
= (10Gpc)�1

<latexit sha1_base64="pnV7U8bv5vcWrM8YVFq/5Y6zaKo="></latexit><latexit sha1_base64="pnV7U8bv5vcWrM8YVFq/5Y6zaKo="></latexit><latexit sha1_base64="pnV7U8bv5vcWrM8YVFq/5Y6zaKo="></latexit><latexit sha1_base64="pnV7U8bv5vcWrM8YVFq/5Y6zaKo="></latexit>

SMSM

endpoints of curves are 
set by Landau pole



Logarithmic background dependence CANNOT convert
vacuum fluc of gauge field into classical magnetic fields.
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THE MORAL
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THE MORAL

Zero-point fluctuations

do not give coherent magnetic fields in the sky.



SUMMARY OF WEYL ANOMALY B

No B
• Weyl anomaly yields logarithmic dependence on scale factor

• Logarithmic dependence cannot produce classical magnetic 
fields, irrespective of # of massless charged particles in the 
theory



THEN WHERE DID THE
B IN OUR UNIVERSE COME FROM?

Extragalactic B is particularly mysterious… Beyond-SM?

(second order perturbation effects on Mpc scales, but tiny
Gopal, Sethi ’04   Matarrese, Mollerach, Notari, Riotto ’04   Ichiki, Takahashi, Sugiyama, Hanayama, Ohno ’07)

Durrer and Neronov
Astron.Astrophys.Rev. 21(2013)62



THE STANDARD LORE

• BSM physics can explicitly violate Weyl invariance to give 
rise to primordial magnetogenesis

• But has various issues (strong couplings, cosmological 
backreaction, Schwinger effect, …)

Turner, Widrow ’88   Ratra ’92

Gasperini, Giovannini, Veneziano ’95,   Bamba, Yokoyama ’03,   Demozzi, Mukhanov, Rubinstein, ’09,   
Barnaby, Namba, Peloso ’12,   Fujita, Mukohyama ’12,   Ferreira, Jain, Sloth ’13,   Fujita, Yokoyama ’14,   TK, Afshordi ’14, …
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Barnaby, Namba, Peloso ’12,   Fujita, Mukohyama ’12,   Ferreira, Jain, Sloth ’13,   Fujita, Yokoyama ’14,   TK, Afshordi ’14, …



TRUE MAGNETIC SCALING

(B2 + E2) / 1

a4
<latexit sha1_base64="MPlFuhdQFg/9x7CsOM5A+3pQVIs=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIzFnRZFMFlBfuATlsyaaYNzUxCkhHKMB/gxl9x40IRt36AO//GtJ2Fth4IHM45l5t7fMGo0rb9beVWVtfWN/Kbha3tnd294v5BU/FYYtLAnHHZ9pEijEakoalmpC0kQaHPSMsfX0/91gORivLoXk8E6YZoGNGAYqSN1C+Wylc9F57Bm557Cj0hudAceoFEOHHSBPWSapqalF2xZ4DLxMlICWSo94tf3oDjOCSRxgwp1XFsobsJkppiRtKCFysiEB6jIekYGqGQqG4yOyaFJ0YZwIBL8yINZ+rviQSFSk1C3yRDpEdq0ZuK/3mdWAeX3YRGItYkwvNFQcygOXjaDBxQSbBmE0MQltT8FeIRMk1o01/BlOAsnrxMmm7FOa+4d9VSrZbVkQdH4BiUgQMuQA3cgjpoAAwewTN4BW/Wk/VivVsf82jOymYOwR9Ynz/sjJmy</latexit>

B2 / 1

a4
<latexit sha1_base64="aZonJKqYQE5RjQYuYBW0ZBIOaMY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oMuiG5cV7APaacmkmTY0k4QkI5RhNm78FTcuFHHrP7jzb0zbWWjrgcDhnHu5OSeUjGrjed/Oyura+sZmYau4vbO7t+8eHDa1SBQmDSyYUO0QacIoJw1DDSNtqQiKQ0Za4fhm6rceiNJU8HszkSSI0ZDTiGJkrNR3T657FQi7UglpBOxGCuHUz1LUS6tZ1ndLXtmbAS4TPyclkKPed7+6A4GTmHCDGdK643vSBClShmJGsmI30UQiPEZD0rGUo5joIJ2lyOCZVQYwEso+buBM/b2RoljrSRzayRiZkV70puJ/Xicx0VWQUi4TQzieH4oSBm3gaSVwQBXBhk0sQVhR+1eIR8g2YWxxRVuCvxh5mTQrZf+iXLmrlmq1vI4COAan4Bz44BLUwC2ogwbA4BE8g1fw5jw5L8678zEfXXHynSPwB87nD4t6l/s=</latexit>

TK ’14    TK, Sloth ’19



TRUE MAGNETIC SCALING

(B2 + E2) / 1

a4
<latexit sha1_base64="MPlFuhdQFg/9x7CsOM5A+3pQVIs=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIzFnRZFMFlBfuATlsyaaYNzUxCkhHKMB/gxl9x40IRt36AO//GtJ2Fth4IHM45l5t7fMGo0rb9beVWVtfWN/Kbha3tnd294v5BU/FYYtLAnHHZ9pEijEakoalmpC0kQaHPSMsfX0/91gORivLoXk8E6YZoGNGAYqSN1C+Wylc9F57Bm557Cj0hudAceoFEOHHSBPWSapqalF2xZ4DLxMlICWSo94tf3oDjOCSRxgwp1XFsobsJkppiRtKCFysiEB6jIekYGqGQqG4yOyaFJ0YZwIBL8yINZ+rviQSFSk1C3yRDpEdq0ZuK/3mdWAeX3YRGItYkwvNFQcygOXjaDBxQSbBmE0MQltT8FeIRMk1o01/BlOAsnrxMmm7FOa+4d9VSrZbVkQdH4BiUgQMuQA3cgjpoAAwewTN4BW/Wk/VivVsf82jOymYOwR9Ynz/sjJmy</latexit>

B2 / 1

a4
<latexit sha1_base64="aZonJKqYQE5RjQYuYBW0ZBIOaMY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oMuiG5cV7APaacmkmTY0k4QkI5RhNm78FTcuFHHrP7jzb0zbWWjrgcDhnHu5OSeUjGrjed/Oyura+sZmYau4vbO7t+8eHDa1SBQmDSyYUO0QacIoJw1DDSNtqQiKQ0Za4fhm6rceiNJU8HszkSSI0ZDTiGJkrNR3T657FQi7UglpBOxGCuHUz1LUS6tZ1ndLXtmbAS4TPyclkKPed7+6A4GTmHCDGdK643vSBClShmJGsmI30UQiPEZD0rGUo5joIJ2lyOCZVQYwEso+buBM/b2RoljrSRzayRiZkV70puJ/Xicx0VWQUi4TQzieH4oSBm3gaSVwQBXBhk0sQVhR+1eIR8g2YWxxRVuCvxh5mTQrZf+iXLmrlmq1vI4COAan4Bz44BLUwC2ogwbA4BE8g1fw5jw5L8678zEfXXHynSPwB87nD4t6l/s=</latexit>

B and E can exchange power (Faraday’s law).

TK ’14    TK, Sloth ’19



TRUE MAGNETIC SCALING

(B2 + E2) / 1

a4
<latexit sha1_base64="MPlFuhdQFg/9x7CsOM5A+3pQVIs=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIzFnRZFMFlBfuATlsyaaYNzUxCkhHKMB/gxl9x40IRt36AO//GtJ2Fth4IHM45l5t7fMGo0rb9beVWVtfWN/Kbha3tnd294v5BU/FYYtLAnHHZ9pEijEakoalmpC0kQaHPSMsfX0/91gORivLoXk8E6YZoGNGAYqSN1C+Wylc9F57Bm557Cj0hudAceoFEOHHSBPWSapqalF2xZ4DLxMlICWSo94tf3oDjOCSRxgwp1XFsobsJkppiRtKCFysiEB6jIekYGqGQqG4yOyaFJ0YZwIBL8yINZ+rviQSFSk1C3yRDpEdq0ZuK/3mdWAeX3YRGItYkwvNFQcygOXjaDBxQSbBmE0MQltT8FeIRMk1o01/BlOAsnrxMmm7FOa+4d9VSrZbVkQdH4BiUgQMuQA3cgjpoAAwewTN4BW/Wk/VivVsf82jOymYOwR9Ynz/sjJmy</latexit>

B2 / 1

a4
<latexit sha1_base64="aZonJKqYQE5RjQYuYBW0ZBIOaMY=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oMuiG5cV7APaacmkmTY0k4QkI5RhNm78FTcuFHHrP7jzb0zbWWjrgcDhnHu5OSeUjGrjed/Oyura+sZmYau4vbO7t+8eHDa1SBQmDSyYUO0QacIoJw1DDSNtqQiKQ0Za4fhm6rceiNJU8HszkSSI0ZDTiGJkrNR3T657FQi7UglpBOxGCuHUz1LUS6tZ1ndLXtmbAS4TPyclkKPed7+6A4GTmHCDGdK643vSBClShmJGsmI30UQiPEZD0rGUo5joIJ2lyOCZVQYwEso+buBM/b2RoljrSRzayRiZkV70puJ/Xicx0VWQUi4TQzieH4oSBm3gaSVwQBXBhk0sQVhR+1eIR8g2YWxxRVuCvxh5mTQrZf+iXLmrlmq1vI4COAan4Bz44BLUwC2ogwbA4BE8g1fw5jw5L8678zEfXXHynSPwB87nD4t6l/s=</latexit>

B and E can exchange power (Faraday’s law).

B
2 / 1

a6H2
<latexit sha1_base64="ih89Hc9JYzX4rnxQ/kAkdHewVN8=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVRIQMFawdCwSfUhNWjmu01p1Yst2kKooKwu/wsIAQqz8ARt/g9tmgJYjWTo6515dnxMKRpV2nG9rZXVtfWOztFXe3tnd27cPDluKpxKTJuaMy06IFGE0IU1NNSMdIQmKQ0ba4fh26rcfiFSUJ/d6IkgQo2FCI4qRNlLfhjc9D0JfSC40h34kEc7cPEO97DKH9Z6X9+2KU3VmgMvELUgFFGj07S9/wHEak0RjhpTquo7QQYakppiRvOynigiEx2hIuoYmKCYqyGZJcnhqlAGMuDQv0XCm/t7IUKzUJA7NZIz0SC16U/E/r5vq6DrIaCJSTRI8PxSlDJrQ01rggEqCNZsYgrCk5q8Qj5BpQ5vyyqYEdzHyMml5Vfe86t1dVGq1oo4SOAYn4Ay44ArUQB00QBNg8AiewSt4s56sF+vd+piPrljFzhH4A+vzB8SmmR0=</latexit>

In the presence of stronger E,  super-horizon B scales as

up until the time of reheating.

TK ’14    TK, Sloth ’19



• Slower redshifting than previously assumed

• Corrects previous estimates of B strength by up to          
37 orders of magnitude

• New possibilities for primordial magnetogenesis

TRUE MAGNETIC SCALING
TK ’14    TK, Sloth ’19



SUMMARY

• No B  from Weyl anomaly

• Explicit Weyl symmetry breaking + correct B scaling 
can explain femto-Gauss intergalactic fields

• Primordial B may probe beyond-SM physics!


