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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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~10−12 G on EGMF strength (19, 20). Bounds
on the EGMF strength depend on the field
correlation length, lB, which is also unknown.
A lower limit on lB is set by the requirement
that the resistive magnetic diffusion time scale
has to be larger than the age of the Universe (2),
whereas an upper limit is set only by the size of
the visible part of the Universe, RH.

Here, we report a lower bound for the
EGMF strength, derived from the data of
Fermi and High Energy Stereoscopic System
(HESS) gamma-ray telescopes. Similarly to
the existing upper bounds, the lower bound
depends on the unknown EGMF configura-
tion parameters, such as the typical correlation
length and spectrum.

Gamma rays with energies above ~1 TeV
cannot propagate over cosmological distances be-
cause of absorption resulting from interactionswith
diffuse extragalactic background light (EBL)
(21–24). The mean free path of gamma rays
of energy Eg0 through EBL is Dg ≃ 80k
ðEg0=10 TeVÞ−1 Mpc, where k ~ 1 is a numerical
factor that accounts for uncertainties of the mea-
surements and modeling of the EBL (25). Inter-
actions of multi-TeV gamma rays with the EBL
lead to the deposition of electron-positron pairs in
the intergalactic space. These e+e− pairs emit sec-
ondary cascade gamma rays via inverse Compton
(IC) scattering of CMB photons. Typical energies
for the IC photons emitted by electrons of energy
Ee ≃ Eg0=2 are Eg ¼ ð4=3Þ&CMBðEe=mec2Þ2 ≃
88ðEg0=10 TeVÞ2 GeV,where &CMB=6× 10

−4 eV
is the typical energy of CMB photons and Ee

and me are the energy and mass, respectively, of
an electron. Pairs lose energy on IC scattering on
the distance scale De ≃ 1023ðEe=10 TeVÞ−1 cm,
which is much smaller than the gamma ray mean
free path Dg. Power removed from the primary
gamma-ray beam is transferred to the cascade
gamma-ray emission.

If magnetic fields, which deviate electron and
positron trajectories, are negligibly small, the IC
emission from the electromagnetic cascade
contributes to the primary point gamma-ray
source flux (26–29). Otherwise, if magnetic
fields along the path of development of the
cascade are strong enough to deviate the tra-
jectories of the pairs, the cascade emission
appears as extended emission around the initial
point source (25, 30–33).

The deflection angle d depends on the cor-
relation length of the magnetic field. If lB ≫ De,
the motion of electrons or positrons can be ap-
proximated by the motion in a homogeneous
magnetic field. In this case d ≃ De=RL ≃ 3$
10−4ðB=10−16GÞðEe=10 TeVÞ−2 is a ratio ofDe to
the Larmor radius,RL. IflB ≪ De, electron deflec-
tions are describable by diffusion in angle, so that
the deflection angle is d ¼

ffiffiffiffiffiffiffiffiffiffi

DelB
p

=RL ≃ 5$
10−5ðEe=10 TeVÞ−3=2ðB=10−16 GÞðlB=1 kpcÞ

1=2 .
The size of the extended cascade source is esti-
mated asQext ≃ d=t, where t =D/Dg is the optical
depth for gamma rays from a source at a distance
D with respect to absorption on EBL (25).

Because lower energy electrons are deviated
by larger angles, the size of the extended cascade
source Qext is larger at low energies. The energy
of cascade photons, Eg,min, below which the ex-
tended source size becomes larger than the point
spread function (PSF) of a telescope, depends
on the EGMF strength and correlation length. In
the case of the Fermi telescope, the PSF depends
on the photon energy, decreasing as QPSF ≃
2°ðEg=1 GeVÞ−0:8 (95% of the signal) below
Eg ≅ 1 GeVand improving from ∼2° at 1 GeV to
QPSF ≃ 0:2° at Eg ∼ 10 GeV (34). Taking the

photon energyEg ∼ 10 GeV as a reference, one
finds that Qext ≥ QPSF if

B ≥ BPSF ≃

6$ 10−17tðEg,min=10 GeVÞ
$ G,lB > De

8$ 10−16tðEg,min=10 GeVÞ3=4

$ ðlB=1 kpcÞ−1=2G,lB < De

8

>

>

<

>

>

:

ð1Þ

To constrain the presence of a cascade con-
tribution in the spectra of distant TeV blazars, we
have analyzed Fermi/LAT (Large Area Tele-

Fig. 1. A comparison of
models of cascade emis-
sion from TeV blazars
(thick solid black curves)
with Fermi upper limits
(gray curves) and HESS
data (gray data points).
Thin dashed curves show
the primary (unabsorbed)
source spectra. Dotted
curves show the overall
(cascade plus direct)
spectra after propagation
through the EBL. Vertical
lines with arrows show
the energies below which
the cascade emission
should be suppressed.
HESS data points (with
SEM error bars) are
taken from (23, 36, 37).

Fig. 2. Light, medium,
and dark gray: known ob-
servational bounds on the
strength and correlation
length of EGMF, summa-
rized in (25). The bound
fromBig Bangnucleosyn-
thesis (BBN) is from (2).
The black hatched region
shows the lower bound
on the EGMF derived
from observations of 1ES
0347-121(cross-hatching)
and 1ES 0229+200 (sin-
gle diagonal hatching) in
this paper.Orangehatched
regions show the allowed
ranges of B and lB for
magnetic fields generated
at the epoch of inflation
(horizontal hatching), the
electroweak phase tran-
sition (denseverticalhatch-
ing), QCD phase transition
(medium vertical hatch-
ing), and epoch of recombination (light vertical hatching) (25). White ellipses show the range of mea-
sured magnetic field strengths and correlation lengths in galaxies and galaxy clusters.
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cosmological photon production
→ primordial magnetic fields

galactic B (hints of) extragalactic B
atB & 10�15G

<latexit sha1_base64="fZIWGKUrWp99Ey+UqAVP/SyRwVw=">AAAB/HicdVDLSgMxFM34rPU16lKEYBHcWGaqYrsrutBlBfuATi2ZNNOGZh4kd4QyjBt/xY2IGwW/wV/wb8y0dVEfFwKHc0645x43ElyBZX0ac/MLi0vLuZX86tr6xqa5td1QYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1eZHrzjknFw+AGRhHr+KQfcI9TAprqmnvn2OmD1n1sW7fJkX2aYscnMJB+cpl2zYJVLFXK1nEF/wZ20RpPAU2n1jU/nF5IY58FQAVRqm1bEXQSIoFTwdK8EysWETokfZaMw6f4QFM97IVSvwDwmJ3xEV+pke9qZ5ZL/dQy8i+tHYNX7iQ8iGJgAZ0s8mKBIcRZE7jHJaMgRhoQKrlOiOmASEJB95XXp3/fh/8HjVLR1vj6pFCtTkvIoV20jw6Rjc5QFV2hGqojih7QE3pFb8a98Wg8Gy8T65wx/bODZsZ4/wJ8HpPV</latexit><latexit sha1_base64="fZIWGKUrWp99Ey+UqAVP/SyRwVw=">AAAB/HicdVDLSgMxFM34rPU16lKEYBHcWGaqYrsrutBlBfuATi2ZNNOGZh4kd4QyjBt/xY2IGwW/wV/wb8y0dVEfFwKHc0645x43ElyBZX0ac/MLi0vLuZX86tr6xqa5td1QYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1eZHrzjknFw+AGRhHr+KQfcI9TAprqmnvn2OmD1n1sW7fJkX2aYscnMJB+cpl2zYJVLFXK1nEF/wZ20RpPAU2n1jU/nF5IY58FQAVRqm1bEXQSIoFTwdK8EysWETokfZaMw6f4QFM97IVSvwDwmJ3xEV+pke9qZ5ZL/dQy8i+tHYNX7iQ8iGJgAZ0s8mKBIcRZE7jHJaMgRhoQKrlOiOmASEJB95XXp3/fh/8HjVLR1vj6pFCtTkvIoV20jw6Rjc5QFV2hGqojih7QE3pFb8a98Wg8Gy8T65wx/bODZsZ4/wJ8HpPV</latexit><latexit sha1_base64="fZIWGKUrWp99Ey+UqAVP/SyRwVw=">AAAB/HicdVDLSgMxFM34rPU16lKEYBHcWGaqYrsrutBlBfuATi2ZNNOGZh4kd4QyjBt/xY2IGwW/wV/wb8y0dVEfFwKHc0645x43ElyBZX0ac/MLi0vLuZX86tr6xqa5td1QYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1eZHrzjknFw+AGRhHr+KQfcI9TAprqmnvn2OmD1n1sW7fJkX2aYscnMJB+cpl2zYJVLFXK1nEF/wZ20RpPAU2n1jU/nF5IY58FQAVRqm1bEXQSIoFTwdK8EysWETokfZaMw6f4QFM97IVSvwDwmJ3xEV+pke9qZ5ZL/dQy8i+tHYNX7iQ8iGJgAZ0s8mKBIcRZE7jHJaMgRhoQKrlOiOmASEJB95XXp3/fh/8HjVLR1vj6pFCtTkvIoV20jw6Rjc5QFV2hGqojih7QE3pFb8a98Wg8Gy8T65wx/bODZsZ4/wJ8HpPV</latexit><latexit sha1_base64="fZIWGKUrWp99Ey+UqAVP/SyRwVw=">AAAB/HicdVDLSgMxFM34rPU16lKEYBHcWGaqYrsrutBlBfuATi2ZNNOGZh4kd4QyjBt/xY2IGwW/wV/wb8y0dVEfFwKHc0645x43ElyBZX0ac/MLi0vLuZX86tr6xqa5td1QYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1eZHrzjknFw+AGRhHr+KQfcI9TAprqmnvn2OmD1n1sW7fJkX2aYscnMJB+cpl2zYJVLFXK1nEF/wZ20RpPAU2n1jU/nF5IY58FQAVRqm1bEXQSIoFTwdK8EysWETokfZaMw6f4QFM97IVSvwDwmJ3xEV+pke9qZ5ZL/dQy8i+tHYNX7iQ8iGJgAZ0s8mKBIcRZE7jHJaMgRhoQKrlOiOmASEJB95XXp3/fh/8HjVLR1vj6pFCtTkvIoV20jw6Rjc5QFV2hGqojih7QE3pFb8a98Wg8Gy8T65wx/bODZsZ4/wJ8HpPV</latexit>

& Mpc
<latexit sha1_base64="D5jDcfuQ5VkGf0p4HAGo/AltLjU=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCpzATBZNbwIsXIYJZIBNCT6cnadKz0P1GiCFf4kXEi4L/4S/4N/Yk8RCXBw1FVTWvXvmJFBod59PKrayurW/kNwtb2zu7e/b+QVPHqWK8wWIZq7ZPNZci4g0UKHk7UZyGvuQtf3SV6a17rrSIozscJ7wb0kEkAsEoGqpnH3kDNGpIvJDiUIWTm4RNe3bRKZWrFee8Sn4Dt+TMpgiLqffsD68fszTkETJJte64ToLdCVUomOTTgpdqnlA2ogM+mWWeklND9UkQK/MiJDN2yUdDrcehb5xZMv1Ty8i/tE6KQaU7EVGSIo/YfFGQSoIxyQogfaE4Qzk2gDIlTELChlRRhqamgjn9+z7yP2iWS67BtxfFWm1RQh6O4QTOwIVLqME11KEBDB7gCV7hzUqtR+vZeplbc9bizyEsjfX+BRN9kYg=</latexit><latexit sha1_base64="D5jDcfuQ5VkGf0p4HAGo/AltLjU=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCpzATBZNbwIsXIYJZIBNCT6cnadKz0P1GiCFf4kXEi4L/4S/4N/Yk8RCXBw1FVTWvXvmJFBod59PKrayurW/kNwtb2zu7e/b+QVPHqWK8wWIZq7ZPNZci4g0UKHk7UZyGvuQtf3SV6a17rrSIozscJ7wb0kEkAsEoGqpnH3kDNGpIvJDiUIWTm4RNe3bRKZWrFee8Sn4Dt+TMpgiLqffsD68fszTkETJJte64ToLdCVUomOTTgpdqnlA2ogM+mWWeklND9UkQK/MiJDN2yUdDrcehb5xZMv1Ty8i/tE6KQaU7EVGSIo/YfFGQSoIxyQogfaE4Qzk2gDIlTELChlRRhqamgjn9+z7yP2iWS67BtxfFWm1RQh6O4QTOwIVLqME11KEBDB7gCV7hzUqtR+vZeplbc9bizyEsjfX+BRN9kYg=</latexit><latexit sha1_base64="D5jDcfuQ5VkGf0p4HAGo/AltLjU=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCpzATBZNbwIsXIYJZIBNCT6cnadKz0P1GiCFf4kXEi4L/4S/4N/Yk8RCXBw1FVTWvXvmJFBod59PKrayurW/kNwtb2zu7e/b+QVPHqWK8wWIZq7ZPNZci4g0UKHk7UZyGvuQtf3SV6a17rrSIozscJ7wb0kEkAsEoGqpnH3kDNGpIvJDiUIWTm4RNe3bRKZWrFee8Sn4Dt+TMpgiLqffsD68fszTkETJJte64ToLdCVUomOTTgpdqnlA2ogM+mWWeklND9UkQK/MiJDN2yUdDrcehb5xZMv1Ty8i/tE6KQaU7EVGSIo/YfFGQSoIxyQogfaE4Qzk2gDIlTELChlRRhqamgjn9+z7yP2iWS67BtxfFWm1RQh6O4QTOwIVLqME11KEBDB7gCV7hzUqtR+vZeplbc9bizyEsjfX+BRN9kYg=</latexit><latexit sha1_base64="D5jDcfuQ5VkGf0p4HAGo/AltLjU=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCpzATBZNbwIsXIYJZIBNCT6cnadKz0P1GiCFf4kXEi4L/4S/4N/Yk8RCXBw1FVTWvXvmJFBod59PKrayurW/kNwtb2zu7e/b+QVPHqWK8wWIZq7ZPNZci4g0UKHk7UZyGvuQtf3SV6a17rrSIozscJ7wb0kEkAsEoGqpnH3kDNGpIvJDiUIWTm4RNe3bRKZWrFee8Sn4Dt+TMpgiLqffsD68fszTkETJJte64ToLdCVUomOTTgpdqnlA2ogM+mWWeklND9UkQK/MiJDN2yUdDrcehb5xZMv1Ty8i/tE6KQaU7EVGSIo/YfFGQSoIxyQogfaE4Qzk2gDIlTELChlRRhqamgjn9+z7yP2iWS67BtxfFWm1RQh6O4QTOwIVLqME11KEBDB7gCV7hzUqtR+vZeplbc9bizyEsjfX+BRN9kYg=</latexit>

seed field of B ! 10�20G
<latexit sha1_base64="BSGlkJ1ZO2FVN+2F0/uRIKlJJ04=">AAAB+nicdVDLSgMxFM3UV62vUZfdBIvgxpKpgu2u6EKXFewDOrVk0kwbmswMSUYo4yz8FTcibhT8CH/BvzHT1kV9HAgczjnh3nu8iDOlEfq0ckvLK6tr+fXCxubW9o69u9dSYSwJbZKQh7LjYUU5C2hTM81pJ5IUC4/Ttje+yPz2HZWKhcGNnkS0J/AwYD4jWBupbxfPoauYgA66TY4rKIWuwHokRXKZwr5dQuVKrYpOavA3ccpoihKYo9G3P9xBSGJBA004VqrroEj3Eiw1I5ymBTdWNMJkjIc0ma6ewkMjDaAfSvMCDafqQg4LpSbCM8lsMfXTy8S/vG6s/WovYUEUaxqQ2SA/5lCHMOsBDpikRPOJIZhIZjaEZIQlJtq0VTCnf98H/yetStkx/Pq0VK/PS8iDIjgAR8ABZ6AOrkADNAEBD+AJvII36956tJ6tl1k0Z83/7IMFWO9fVmWSkA==</latexit><latexit sha1_base64="BSGlkJ1ZO2FVN+2F0/uRIKlJJ04=">AAAB+nicdVDLSgMxFM3UV62vUZfdBIvgxpKpgu2u6EKXFewDOrVk0kwbmswMSUYo4yz8FTcibhT8CH/BvzHT1kV9HAgczjnh3nu8iDOlEfq0ckvLK6tr+fXCxubW9o69u9dSYSwJbZKQh7LjYUU5C2hTM81pJ5IUC4/Ttje+yPz2HZWKhcGNnkS0J/AwYD4jWBupbxfPoauYgA66TY4rKIWuwHokRXKZwr5dQuVKrYpOavA3ccpoihKYo9G3P9xBSGJBA004VqrroEj3Eiw1I5ymBTdWNMJkjIc0ma6ewkMjDaAfSvMCDafqQg4LpSbCM8lsMfXTy8S/vG6s/WovYUEUaxqQ2SA/5lCHMOsBDpikRPOJIZhIZjaEZIQlJtq0VTCnf98H/yetStkx/Pq0VK/PS8iDIjgAR8ABZ6AOrkADNAEBD+AJvII36956tJ6tl1k0Z83/7IMFWO9fVmWSkA==</latexit><latexit sha1_base64="BSGlkJ1ZO2FVN+2F0/uRIKlJJ04=">AAAB+nicdVDLSgMxFM3UV62vUZfdBIvgxpKpgu2u6EKXFewDOrVk0kwbmswMSUYo4yz8FTcibhT8CH/BvzHT1kV9HAgczjnh3nu8iDOlEfq0ckvLK6tr+fXCxubW9o69u9dSYSwJbZKQh7LjYUU5C2hTM81pJ5IUC4/Ttje+yPz2HZWKhcGNnkS0J/AwYD4jWBupbxfPoauYgA66TY4rKIWuwHokRXKZwr5dQuVKrYpOavA3ccpoihKYo9G3P9xBSGJBA004VqrroEj3Eiw1I5ymBTdWNMJkjIc0ma6ewkMjDaAfSvMCDafqQg4LpSbCM8lsMfXTy8S/vG6s/WovYUEUaxqQ2SA/5lCHMOsBDpikRPOJIZhIZjaEZIQlJtq0VTCnf98H/yetStkx/Pq0VK/PS8iDIjgAR8ABZ6AOrkADNAEBD+AJvII36956tJ6tl1k0Z83/7IMFWO9fVmWSkA==</latexit><latexit sha1_base64="BSGlkJ1ZO2FVN+2F0/uRIKlJJ04=">AAAB+nicdVDLSgMxFM3UV62vUZfdBIvgxpKpgu2u6EKXFewDOrVk0kwbmswMSUYo4yz8FTcibhT8CH/BvzHT1kV9HAgczjnh3nu8iDOlEfq0ckvLK6tr+fXCxubW9o69u9dSYSwJbZKQh7LjYUU5C2hTM81pJ5IUC4/Ttje+yPz2HZWKhcGNnkS0J/AwYD4jWBupbxfPoauYgA66TY4rKIWuwHokRXKZwr5dQuVKrYpOavA3ccpoihKYo9G3P9xBSGJBA004VqrroEj3Eiw1I5ymBTdWNMJkjIc0ma6ewkMjDaAfSvMCDafqQg4LpSbCM8lsMfXTy8S/vG6s/WovYUEUaxqQ2SA/5lCHMOsBDpikRPOJIZhIZjaEZIQlJtq0VTCnf98H/yetStkx/Pq0VK/PS8iDIjgAR8ABZ6AOrkADNAEBD+AJvII36956tJ6tl1k0Z83/7IMFWO9fVmWSkA==</latexit>



• 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 amplitude of B

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 amplitude of B

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

PRIMORDIAL B FROM WEYL ANOMALY



PLAN OF THE TALK

1. quantum effective action in curved spacetime

2. quantum/classical nature of photons



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⌫
<latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit><latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit><latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit><latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit>

Barvinsky, Vilkovisky ’83 ~



QED EFFECTIVE ACTION IN CURVED SPACE

gµ⌫ = ! µ⌫ + hµ⌫
<latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit><latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit><latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit><latexit sha1_base64="Q9teyrVFq+BWv1yacBtdlQvhbuk="></latexit>

Barvinsky, Vilkovisky ’83 ~

which is NOT the case in cosmology.
Perturbative expansion valid if R2 ! " 2R,

<latexit sha1_base64="Y5oj1+Q+25/7XMjmlQvGEuqlTJk="></latexit><latexit sha1_base64="Y5oj1+Q+25/7XMjmlQvGEuqlTJk="></latexit><latexit sha1_base64="Y5oj1+Q+25/7XMjmlQvGEuqlTJk="></latexit><latexit sha1_base64="Y5oj1+Q+25/7XMjmlQvGEuqlTJk="></latexit>



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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BEYOND WEAK GRAVITY
Curvature expansion can be resummed to all orders for
classically Weyl-invariant theories in Weyl-flat spacetimes.

Bautista, Benevides, Dabholkar ’17
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IN AN FRW UNIVERSE
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<latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit>
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logarithmic running of coupling with physical momentum k/a

( <latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit><latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit><latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit><latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit>
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<latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit>



IN AN FRW UNIVERSE

S = !
1

4

Z
d

4
x d

4
y I2(x, y)Fµ ! (x)F

µ ! (y)
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<latexit sha1_base64="XjDggS6n4tylmrcv/jF2UoKtyTc="></latexit><latexit sha1_base64="XjDggS6n4tylmrcv/jF2UoKtyTc="></latexit><latexit sha1_base64="XjDggS6n4tylmrcv/jF2UoKtyTc="></latexit><latexit sha1_base64="XjDggS6n4tylmrcv/jF2UoKtyTc="></latexit>

→ logarithmic dependence on a

logarithmic running of coupling with physical momentum k/a

( <latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit><latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit><latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit><latexit sha1_base64="68byRmopqKjZ2TFneBeVQWtmIZs="></latexit>
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<latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit><latexit sha1_base64="XtWyHoNYrtKV8u6+cynEMSjHZ4g="></latexit>



Gauge Field Evolution
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<latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit><latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit><latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit><latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit>

MASSLESS SCALARSREVIEW:                                 IN DS

Hubble horizon
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<latexit sha1_base64="q0NUpqglVCDMnEVSqbNTUTXsyzw="></latexit><latexit sha1_base64="q0NUpqglVCDMnEVSqbNTUTXsyzw="></latexit><latexit sha1_base64="q0NUpqglVCDMnEVSqbNTUTXsyzw="></latexit><latexit sha1_base64="q0NUpqglVCDMnEVSqbNTUTXsyzw="></latexit>

(indices raised with   �y )! µ !
<latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit><latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit><latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit><latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit>
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<latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit><latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit><latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit><latexit sha1_base64="u6ZW6wNkR/LVZGeErGSPFo8vOxs="></latexit>

MASSLESS SCALARSREVIEW:                                 IN DS

Hubble horizon

a/k

quantum fluc.

ln a
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classical fluc.
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<latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit><latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit><latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit><latexit sha1_base64="KkMJj0S7yyDVgRgsOjTsacIP4VE="></latexit>
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PHOTONS

Hubble horizon

a/k

quantum fluc.

ln a

ln L

classical fluc.
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MEASURES OF ‘QUANTUMNESS’

⇠ 1
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: classical
: quantum

2. quantumness measure

1. Bogoliubov coefficient

: number of created photons
  per comoving phase volume

|�k|2
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Logarithmic background dependence CANNOT convert
vacuum fluc of gauge field into classical magnetic fields.
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SUMMARY

No B
• Primordial manetic fields do not arise from QED Weyl anomaly, 

irrespective of # of massless charged particles in the theory

• Quantum effective action beyond the weak gravity regime 
should be used for cosmological studies

• It should not be taken for granted that quantum fluc become 
classical


