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Matter- & Magneto-genesis

Baryon number violation produces helical magnetic fields.

~Sphaleron

baryon #=0 baryon number=0
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Sphaleron

Sphaleron = twisted monopole-antimonopole pair

Taubes; 	


Manton; 	



Manton&Klinkhamer;	


TV & Field; 	



Hindmarsh & James.
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Sphaleron Decay 
Evolve classical electroweak equations with (perturbed) sphaleron 	



initial conditions.

Copi, Ferrer, TV & Achucarro, 2008

Measure magnetic helicity...
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Helicity in sphaleron decay
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Copi, Ferrer, TV & Achucarro, 2008	


Diaz-Gil, Garcia-Bellido, Perez & Gonzalez-Arroyo, 2008

helicity conserved 

“inverted decay”

H(t) =
�

d3x A ·B



Sphaleron decay II
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Y-Z. Chu, J. Dent & TV

Calculate helicity of magnetic field generated along the decay path.

Image- http://spie.org/x31524.xml?ArticleID=x31524

(�2
t ��2)Aµ = Jµ

Calculate electric currents along the decay path. 	


Then solve Maxwell’s equation.

A decay path for the sphaleron is known. Manton

http://spie.org/x31524.xml?ArticleID=x31524


Magnetic helicity
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H(�) � � sin2 �w

g2Helicity is conserved at late times.

Baryon production implies left-handed helicity.



Cosmological magnetic helicity
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Every �B =� �H
J. Cornwall	



TV

=� h � �#
nb

�



Inverse Cascade
Magnetic helicity can cause an “inverse cascade”	



i.e. transfer power from small to large length scales.

MHD simulations & models in flat spacetime:

� � t1/2

� � t2/3

Numerical:

Analytical:

Christensson, Hindmarsh & 
Brandenburg, 2005

D. Biskamp, 1993; P. Olesen, 1997; 	


D.T. Son, 1999; Field & Carroll, 2000

Translate these exponents to expanding universe by 
interpreting t as the conformal time.

� � �� � t�/2 radiation
� � t�/3 matter

Also: Kahniashvili, Brandenburg, Tevzadze & Ratra, 2010
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Coherence Scale
Length scale grows by Hubble expansion and inverse cascade, in	



radiation- and matter-dominated epochs.

�eq = �inj

�
aeq

ainj

�1+� �
a0

aeq

�1+�/2

� (1 cm)
�

Tew

1eV

�1+2/3

104+1

� 1020 cm
� 0.1 kpc
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⇠0 ⇠ Mpc



Field Strength: helicity alone 
(no chiral effects, no antibaryons)

|h| � nb =� �B2 � nb

B �
�

nb

�

B(t0) � 10�21 G

Better to think of this as:
h � (10�21 G)2 � kpc
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Field Strength Re-visited

The baryons and anti-baryons annihilate but magnetic 
fields are spread out and cannot annihilate completely.

In standard model, CP violation gives --
Nb + Nb̄

Nb �Nb̄
⇥ 1020

(In a baryogenesis model that actually works, CP violation would be larger. 	


Then the CP enhancement would be smaller but gamma could compensate.)

Sphaleron transitions produce baryons and anti-baryons. 	


CP violation implies a slight excess of baryons.

B(t0) � 10�21G
�

Nb + Nb̄

Nb �Nb̄

��

If � = 1/2 : B(t0) � 10�11 G

13



Helicity probes early universe
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Andrew Long, Eray Sabancilar & TV (2013).

Leptogenesis also leads to helical magnetic fields	


but the helicity is right-handed.



Quite generally: if primordial magnetic fields are 	


produced on sub-horizon scales in the early 

universe, their survival depends crucially on the 
presence of magnetic helicity.



How can we probe magnetic helicity?



Probes of helicity?

17

Soma De, L. Pogosian & TV

Faraday Rotation of CMB, Quasars: FR is insensitive to 
helicity. Milky Way dominates FR except for B > 0.1nG. 

Gamma rays: Sensitive to helicity if produced by charged 
particles in intergalactic space. Unaffected by Milky Way.

Cosmic rays: Milky Way dominates deflections except	


for B > 0.01 nG. Need to know CR source locations.

Kahniashvili & TV



TeV Blazars

18

Gould & Schreder, 1967; Coppi & Aharonian, 1998; ..... Neronov & Semikoz, 2009

Neronov & Vovk, 2010; Essey, Ando & Kusenko, 2011; Essey & Kusenko, 2010;....

e+e�

DTeV ⇠ 100 Mpc, De ⇠ 30 kpc, D� ⇠ Ds ⇠ 1 Gpc

inverse	


Compton

3
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FIG. 1. The blazar on the left beams TeV photons within a jet of opening angle ✓j . The observer is most likely located at
the edge of the jet, not on the axis. TeV photons pair produce after propagating a distance DTeV. The pairs are bent by
ambient magnetic fields and up-scatter CMB photons that propagate a distance D� to the observer. The emission angle ✓e,
the observation direction ⇥, the distance to the source Ds, and the pair creation and IC scattering event positions, (xLi, �xi),
(xLf , �xf ) are also shown.

corresponds to the energy Ee ⇡ ETeV/2. Since the opening angle of the electron-positron pair is very small, of order
me/Ee ⇠ 10�7, the direction Pi is the same as the direction of the initial TeV gamma ray.

The momentum of the electron changes on propagation due to the Lorentz force,

P (t) = Pi + q

Z t

ti

dt

0
v(t0)⇥B(x(t0)) (5)

where q = ±e is the electron/positron charge, x(t) and v(t) are the position and velocity of the electron (or positron),
namely v(t) = ẋ(t) where the overdot denotes di↵erentiation with respect to time. (For convenience, from now on we
shall refer to the charged particle as being the electron.)

We will now decompose all vectors in components parallel and perpendicular to the source direction. For example,
the momentum and the position of the electron at time t is decomposed as

P (t) = PL(t) + �p(t), x(t) = xL(t) + �x(t), (6)

where the subscript L means the component parallel to the source direction (line-of-sight for TeV source). Therefore,
the vector �p(t) and �x(t) are the deviations induced by the magnetic field.

In terms of the decomposed components, Eq. (5) can be written as

PL(t) + �p(t) = PLi + �pi + q

Z t

ti

dt

0 [vL(t
0) + �v(t0)]⇥B(x(t0)), (7)

where PLi and �pi are the momentum components at time t = ti. Note that at this stage, instead of replacing x by
xL in the argument of B, we perform the integration along the actual path x(t). This is important if the magnetic
fields have significant power on small scales, i.e., a blue spectrum.

The bending angle of the electron is estimated as � = De/RL ⇠ 1.2 ⇥ 10�3[B/10�16 G][ETeV/10 TeV]�2 where
RL = Ee/qB is the Larmor radius. Here we have assumed a magnetic field coherence scale larger than De; otherwise
the electron trajectory would be di↵usive yielding a smaller estimate for �. Then the maximum deviation from the
source direction is �xi ⇠ 90 kpc(1�DTeV/Ds)[B/10�16 G][ETeV/10 TeV]�3. Since the bending angle is small, we can
treat �p, �x and �v as perturbations. To linear order in the magnetic field strength, Eq. (7) becomes

�p(t) = �pi + q

Z t

ti

dt

0
vL(t

0)⇥B(x(t0)). (8)

The electron energy Ee is constant during this process, since a magnetic field does no work. Dividing Eq. (8) by
Ee, we obtain the velocity,

�v(t) = �vi +
q

Ee

Z t

ti

dt

0
vL(t

0)⇥B(x(t0)), (9)

Variations on the model possible.



Gamma ray correlators
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FIG. 1. Events at two di↵erent energies sample the magnetic field in regions of size De ⇠ 30 kpc (solid lines at the vertices of
the triangles). The regions themselves are separated by distance r which can be ⇠ 100 Mpc depending on the energy di↵erence
of the two events. (Figure taken from Ref. [3].)

the observation plane. Similarly, another photon of energy E2 arrives at ⇥2. Note that the line-of-sight to the source
defines the origin on the observation plane.

Let us now define

F (E1, E2) = h⇥(E1) ·⇥(E2)i, (2)

G(E1, E2) = h⇥(E1)⇥⇥(E2) · x̂i, (3)

where x̂ is perpendicular to the plane of observation and points towards the source, and the ensemble average is over
all observed photons from the blazar. In Ref. [3] it was shown that

F (E1, E2) /
1

2
MN (|r12|), (4)

G(E1, E2) /
1

2
MH(|r12|)r12. (5)

where MN and MH are the normal and helical correlation functions of the intervening magnetic field and defined by

hBi(x+ r)Bj(x)i = MN (r)
h
�ij �

rirj

r

2

i
+ML(r)

rirj

r

2
+MH(r)✏ijlr

l
. (6)

The distance r12 in Eqs. (4) and (5) is given in terms of the energies,

r12 ⇡ DTeV(E1)�DTeV(E2) (7)

with

DTeV(ETeV) ⇠ 80


(1 + zs)2
Mpc

✓
ETeV

10 TeV

◆�1

, (8)

where zs is the redshift of the source and  is a parameter that depends on the EBL. We will take 1+ zs ⇠ 1 and  ⇠
1 [14]. The overall proportionality factors in Eqs. (4) and (5) depend on geometrical parameters such as the distance
to the source and the energies, and will not be important for what follows. Note that r12 is positive if E1 < E2 because
higher energy photons from the blazar produce electron-positron pairs more easily and so DTeV(E1) > DTeV(E2).

Here we will only be interested in the helical correlator, i.e. in G(E1, E2), as this is a measure of CP violation.
The correlation G(E1, E2) is defined only if the TeV blazar is visible, since the vectors ⇥ originate at the location

that the line of sight intersects the observational plane. What if the TeV blazar is not visible? We can still measure
the helicity of an intervening magnetic field by noting that the highest energy photons deviate the least from the
source position. Thus we can approximate the position of the blazar by the position of the highest energy photon and
the relevant correlator is

G(E1, E2;E3) = h(⇥(E1)�⇥(E3))⇥ (⇥(E2)�⇥(E3)) · x̂i, (9)

hBi(x+ r)Bj(x)i = MN (r)
h
�ij �

rirj
r2

i
+ML(r)

rirj
r2

+MH(r)✏ijlr
l

G(E1, E2) = h⇥(E1)⇥⇥(E2) · x̂i /
1

2
MH(|r12|)r12

Relate correlators of arriving gamma rays to magnetic field correlators:

Different energy combinations probe magnetic field on different length scales.

Tashiro & TV, 2013.
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If bending is large, it may be difficult to associate	


observed GeV gamma rays with their TeV sources.
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FIG. 1. Events at two di↵erent energies sample the magnetic field in regions of size De ⇠ 30 kpc (solid lines at the vertices of
the triangles). The regions themselves are separated by distance r which can be ⇠ 100 Mpc depending on the energy di↵erence
of the two events. (Figure taken from Ref. [3].)

the observation plane. Similarly, another photon of energy E2 arrives at ⇥2. Note that the line-of-sight to the source
defines the origin on the observation plane.

Let us now define

F (E1, E2) = h⇥(E1) ·⇥(E2)i, (2)

G(E1, E2) = h⇥(E1)⇥⇥(E2) · x̂i, (3)

where x̂ is perpendicular to the plane of observation and points towards the source, and the ensemble average is over
all observed photons from the blazar. In Ref. [3] it was shown that

F (E1, E2) /
1

2
MN (|r12|), (4)

G(E1, E2) /
1

2
MH(|r12|)r12. (5)

where MN and MH are the normal and helical correlation functions of the intervening magnetic field and defined by

hBi(x+ r)Bj(x)i = MN (r)
h
�ij �

rirj

r

2

i
+ML(r)

rirj

r

2
+MH(r)✏ijlr

l
. (6)

The distance r12 in Eqs. (4) and (5) is given in terms of the energies,

r12 ⇡ DTeV(E1)�DTeV(E2) (7)

with

DTeV(ETeV) ⇠ 80


(1 + zs)2
Mpc

✓
ETeV

10 TeV

◆�1

, (8)

where zs is the redshift of the source and  is a parameter that depends on the EBL. We will take 1+ zs ⇠ 1 and  ⇠
1 [14]. The overall proportionality factors in Eqs. (4) and (5) depend on geometrical parameters such as the distance
to the source and the energies, and will not be important for what follows. Note that r12 is positive if E1 < E2 because
higher energy photons from the blazar produce electron-positron pairs more easily and so DTeV(E1) > DTeV(E2).

Here we will only be interested in the helical correlator, i.e. in G(E1, E2), as this is a measure of CP violation.
The correlation G(E1, E2) is defined only if the TeV blazar is visible, since the vectors ⇥ originate at the location

that the line of sight intersects the observational plane. What if the TeV blazar is not visible? We can still measure
the helicity of an intervening magnetic field by noting that the highest energy photons deviate the least from the
source position. Thus we can approximate the position of the blazar by the position of the highest energy photon and
the relevant correlator is

G(E1, E2;E3) = h(⇥(E1)�⇥(E3))⇥ (⇥(E2)�⇥(E3)) · x̂i, (9)

Use direction of “least bent” (highest energy) gamma ray 
as an approximation to the source direction.



Unidentified Sources
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3

and we will always assume the ordering E1 < E2 < E3.
Di↵use gamma rays are observed on a sphere (the sky) and not on a plane and so the statistic G(E1, E2;E3) needs

to be modified suitably. We propose the statistic (which is almost our final expression),

Q

0(E1, E2, E3) = h(n(E1)� n(E3))⇥ (n(E2)� n(E3)) · n(E3)i = hn(E1)⇥ n(E2) · n(E3)i, (10)

where n(E) denotes the (unit) vector to the location of the photon of energy E on the sky.

E3

E2

E1

left-handed

E3

E2

right-handed

E1

Patch of radius R

OR

FIG. 2. Illustration of the cut-sky with gamma rays distributed on it. Patches of radius R degrees are centered on the highest
energy gamma rays. In those patches we test if the lower energy photons are distributed along left- or right-handed spirals.

The problem with Q

0 is that we cannot be sure that the photon of energy E3 corresponds reasonably to a source
for cascade photons. Also, in the case when the TeV source was known, the ensemble average is taken over all cascade
photons originating from the source. In our case, we don’t even know if there is a source, let alone which photons
originate from a cascade and which do not. However, if we work on the hypothesis that some of the photons that
are not too far away from the location of E3 originate from the same source and are possibly due to a cascade, the
statistic should still make sense if we restrict the average to a region close to the location of the E3 photon. To do this
we can introduce a window function that will preferably sample E1 and E2 photons close to the chosen E3 photon.
The simplest implementation, and the one we have chosen, is to use a top-hat window function with a radius that
we treat as a free parameter. Further, we ensemble average over all E3 photons since we do not know if any given E3

photon is due to a TeV source. Then, our final expression for the statistic is

Q(E1, E2, E3, R) =
1

N1N2N3

N1X

i=1

N2X

j=1

N3X

k=1

WR(ni(E1) · nk(E3))WR(nj(E2) · nk(E3))ni(E1)⇥ nj(E2) · nk(E3), (11)

where the indices i, j, k refer to di↵erent photons and the top-hat window function WR is given by

WR(cos↵) =

⇢
1, for ↵  R

0, otherwise. (12)

With a top-hat window function, the statistic can also be written as

Q(E1, E2, E3, R) =
1

N3

N3X

k=1

⌘1 ⇥ ⌘2 · nk(E3) (13)

where

⌘a =
1

Na

X

i2D(nk,R)

ni(Ea), a = 1, 2 (14)

Cascade gamma rays are “signal”; non-cascade gamma rays are “noise”. 	


Remove Milky Way and also 3-degree cones around known gamma ray sources 

to reduce noise.

Q(R) = hn1 ⇥ n2 · n3iR



Try Q(R) = hn1 ⇥ n2 · n3iR on existing data . . .



Fermi-LAT CLEAN data
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10-20 GeV 20-30 GeV 30-40 GeV 40-50 GeV 50-60 GeV

North(> 60�) 3098 772 345 168 73

South(> 60�) 2816 661 281 126 74

Total (> 60�) 5914 1433 626 294 147

North(> 70�) 1322 340 156 79 40

South(> 70�) 1146 276 120 57 30

Total (> 70�) 2468 616 276 136 70

North(> 80�) 276 74 31 19 9

South(> 80�) 293 59 20 14 12

Total (> 80�) 569 133 51 33 21

TABLE I. Number of photons for each energy bin.

Energy bin 10-20 20-30 30-40 40-50 50-60

PSF [arcmin.] 3.85 2.73 2.45 1.99 1.82

TABLE II. Point spread function in arcminutes for each energy bin.

and D(nk(E3), R)) is the “patch” in the sky with center at the location of nk(E3) and radius R degrees. Essentially,
Q is given by the average of the radial component of ⌘1 ⇥ ⌘2 taken over all patches in the sky centered on photons
with energy E3, and ⌘a are the average locations of photons of energy Ea within a patch.

An intuitive picture for the meaning of the correlator is shown in Fig. 2. We observe photons of three di↵erent
energies (illustrated by three di↵erent colors) on the cut-sky away from the galactic plane. We assume that the highest
energy E3 photons approximately represent the source directions. Lower energy (E1 and E2) photons in patches of
some radius R around the position of the E3 photon are more likely to be from the same source. Then we consider
the vectors in the patches as shown in Fig. 2 and ask if the directed curves from E3 to E2 to E1 are bent to the left
or to the right, i.e. are the photons of decreasing energy in patterns of left-handed or right-handed spirals? A positive
(negative) value of the statistic Q implies that there is an excess of right-handed (left-handed) spirals in the gamma
ray sky.

In the next section we will find Q using data from the Fermi satellite.

II. EVALUATION OF Q FROM FERMI DATA

We measure the value of Q on the high-latitude emission detected by the Fermi-LAT, using ⇠ 60 months of data.
The data were processed with the FERMI SCIENCE TOOLS [15] to mask regions of the sky heavily contaminated
by Galactic di↵use emission and known point sources. We selected LAT data from early-August 2008 through mid-
August 2013 that were observed at galactic latitudes, |GLAT | � 50�. To ensure that the events are photons with high
probability, we use the Pass 7 (V6) CLEAN instrument response function. Contamination from photons produced by
cosmic-ray interactions in the upper atmosphere is avoided by excluding events with zenith angles greater than 105�.
In addition, only data for time periods when the spacecraft’s rocking angle was below 52� were considered. Since
we are interested in the di↵use emission, we mask out a 3� angular diameter around each source in the First LAT
High-Energy Catalog [16].

We restrict our analysis to the energy range 10�60 GeV where the point spread function (PSF) of the instrument is
small enough, and we bin the data in 5 linearly spaced energy bins of width �E = 10 GeV. We will label events with
energies in (E,E +�E) by E, e.g. 10 GeV photons refers to data in the (10, 20) GeV bin. The number of photons in
each bin and in di↵erent regions are shown in Table I.

Then we evaluated Q using Eq. (13) for patches of radius R = 1��15� and for each of the six possible combinations

(E1, E2) [GeV] (30, 40) (20, 30) (20,40) (10,20) (10,30) (10,40)

r12 [Mpc] 15.0 23.3 38.2 43.7 66.9 81.9

TABLE III. The spatial separation scale corresponding to the pair of energies (E1, E2). Note that we have calculated the
distance from the centers of the energy bins using Eqs. (7) and (8) with the rough assumptions 1 + zs ⇠ 1,  ⇠ 1.

Don’t know which photons are “signal” and which are “noise”.

(through mid-September 2013)



Fiducial Model
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“Diffuse gamma rays are distributed uniformly on the sky.”

Allows us to create synthetic data, compute	


error bars, evaluate statistical significance.
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is given by the average of the radial component of ⌘1⇥⌘2

taken over all patches in the sky centered on photons with
energy E3, and ⌘a are the average locations of photons
of energy Ea within a patch.

An intuitive picture for the meaning of the correlator
is shown in Fig. 2. We observe photons of three di↵er-
ent energies (illustrated by three di↵erent colors) on the
cut-sky away from the galactic plane. We assume that
the highest energy E3 photons approximately represent
the source directions. Lower energy (E1 and E2) photons
in patches of some radius R around the position of the
E3 photon are more likely to be from the same source.
Then we consider the vectors in the patches as shown in
Fig. 2 and ask if the directed curves from E3 to E2 to
E1 are bent to the left or to the right, i.e. are the pho-
tons of decreasing energy in patterns of left-handed or
right-handed spirals? A positive (negative) value of the
statistic Q implies that there is an excess of right-handed
(left-handed) spirals in the gamma ray sky.

Next we measure the value of Q on the emission de-
tected by the Fermi-LAT, using ⇠ 60 months of data.
The data were processed with the FERMI SCIENCE
TOOLS [15] to mask regions of the sky heavily con-
taminated by Galactic di↵use emission and known point
sources. We selected LAT data from early-August 2008
through mid-August 2013 that were observed at galac-
tic latitudes, |GLAT | � 50�. To ensure that the events
are photons with high probability, we use the Pass 7
(V6) CLEAN instrument response function. Contamina-
tion from photons produced by cosmic-ray interactions in
the upper atmosphere is avoided by excluding events with
zenith angles greater than 105�, and only data for time
periods when the spacecraft’s rocking angle was below
52� were considered. Since we are interested in the dif-
fuse emission, we mask out a 3� angular diameter around
each source in the First LAT High-Energy Catalog [16].

We restrict our analysis to the energy range 10 � 60
GeV where the point spread function (PSF) of the instru-
ment is small enough, and we bin the data in 5 linearly
spaced energy bins of width �E = 10 GeV. We will label
events with energies in (E,E +�E) by E, e.g. 10 GeV
photons refers to data in the (10, 20) GeV bin. The total
number of photons above 60� in each of the five bins of
increasing energy is 5914, 1433, 626, 294 and 147.

Then we evaluatedQ using Eq. (5) for patches of radius
R = 1��20� and for each of the six possible combinations
of E1 < E2 < E3 = 50 GeV as shown in Fig. 3. The left
and right columns display the analysis with E3 = 50 GeV
photons that are restricted to lie with absolute galac-
tic latitude larger than 70� and 80� respectively. For the
smallest values of R some of the patches centered on the
highest energy E3 events will not contain any low-energy
photon, and we set Q = 0 in this case. To each data point
we associate the “standard error” bar, which is given by
the standard deviation of the distribution of Q values
over di↵erent patches, �Q, divided by

p
N3 where N3 is

the number of E3 photons, which is the same as the num-
ber of patches. Thus, �Q = �Q/

p
N3. We also evaluated

errors due to the Fermi-LAT PSF. As the PSF is on the
order of arc minutes, these resolution errors are negligi-
ble compared to the standard error and are not shown.
For comparison, we have generated mock data using a
uniform distribution of gamma rays at each energy. The
mean value of Q and its standard deviation are evaluated
over 104 realizations of synthetic data that are treated
exactly like the real data. As shown in Fig. 3, the mean
value for the mock data is zero and the 1� spreads are
larger than the standard error obtained with real data.
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FIG. 3. Q vs. patch radius in degrees for di↵erent combina-
tions of {E1, E2} 2 {10, 20, 30, 40} GeV when patches cen-
tered on E3 = 50 GeV photons are considered at absolute
galactic latitude greater than 70� (left column) and 80� (right
column). Also, shown are 1� spreads (magenta error bars)
obtained from simulated data. Q values that are non-zero at
greater than 2� are shown by red squares in the plots.

Non-zero values of Q at greater than 2� level occur for
several energy combinations and for di↵erent patch sizes.
More significantly, the (10,40) energy combination plot
in the right column shows > 2� deviations from zero for
all patch sizes from R = 9� � 20�. We should keep in
mind, however, that we have scanned over several pa-
rameters and the actual significance of our results should

Patch centers with |b| > 70�

E3 = 50 GeV

Different energy bins probe magnetic 
field on different length scales.

Q(R;E1, E2, E3) = hn1 ⇥ n2 · n3iR

(“clean” as prescribed in 09/2013)
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is given by the average of the radial component of ⌘1⇥⌘2

taken over all patches in the sky centered on photons with
energy E3, and ⌘a are the average locations of photons
of energy Ea within a patch.

An intuitive picture for the meaning of the correlator
is shown in Fig. 2. We observe photons of three di↵er-
ent energies (illustrated by three di↵erent colors) on the
cut-sky away from the galactic plane. We assume that
the highest energy E3 photons approximately represent
the source directions. Lower energy (E1 and E2) photons
in patches of some radius R around the position of the
E3 photon are more likely to be from the same source.
Then we consider the vectors in the patches as shown in
Fig. 2 and ask if the directed curves from E3 to E2 to
E1 are bent to the left or to the right, i.e. are the pho-
tons of decreasing energy in patterns of left-handed or
right-handed spirals? A positive (negative) value of the
statistic Q implies that there is an excess of right-handed
(left-handed) spirals in the gamma ray sky.

Next we measure the value of Q on the emission de-
tected by the Fermi-LAT, using ⇠ 60 months of data.
The data were processed with the FERMI SCIENCE
TOOLS [15] to mask regions of the sky heavily con-
taminated by Galactic di↵use emission and known point
sources. We selected LAT data from early-August 2008
through mid-August 2013 that were observed at galac-
tic latitudes, |GLAT | � 50�. To ensure that the events
are photons with high probability, we use the Pass 7
(V6) CLEAN instrument response function. Contamina-
tion from photons produced by cosmic-ray interactions in
the upper atmosphere is avoided by excluding events with
zenith angles greater than 105�, and only data for time
periods when the spacecraft’s rocking angle was below
52� were considered. Since we are interested in the dif-
fuse emission, we mask out a 3� angular diameter around
each source in the First LAT High-Energy Catalog [16].

We restrict our analysis to the energy range 10 � 60
GeV where the point spread function (PSF) of the instru-
ment is small enough, and we bin the data in 5 linearly
spaced energy bins of width �E = 10 GeV. We will label
events with energies in (E,E +�E) by E, e.g. 10 GeV
photons refers to data in the (10, 20) GeV bin. The total
number of photons above 60� in each of the five bins of
increasing energy is 5914, 1433, 626, 294 and 147.

Then we evaluatedQ using Eq. (5) for patches of radius
R = 1��20� and for each of the six possible combinations
of E1 < E2 < E3 = 50 GeV as shown in Fig. 3. The left
and right columns display the analysis with E3 = 50 GeV
photons that are restricted to lie with absolute galac-
tic latitude larger than 70� and 80� respectively. For the
smallest values of R some of the patches centered on the
highest energy E3 events will not contain any low-energy
photon, and we set Q = 0 in this case. To each data point
we associate the “standard error” bar, which is given by
the standard deviation of the distribution of Q values
over di↵erent patches, �Q, divided by

p
N3 where N3 is

the number of E3 photons, which is the same as the num-
ber of patches. Thus, �Q = �Q/

p
N3. We also evaluated

errors due to the Fermi-LAT PSF. As the PSF is on the
order of arc minutes, these resolution errors are negligi-
ble compared to the standard error and are not shown.
For comparison, we have generated mock data using a
uniform distribution of gamma rays at each energy. The
mean value of Q and its standard deviation are evaluated
over 104 realizations of synthetic data that are treated
exactly like the real data. As shown in Fig. 3, the mean
value for the mock data is zero and the 1� spreads are
larger than the standard error obtained with real data.
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FIG. 3. Q vs. patch radius in degrees for di↵erent combina-
tions of {E1, E2} 2 {10, 20, 30, 40} GeV when patches cen-
tered on E3 = 50 GeV photons are considered at absolute
galactic latitude greater than 70� (left column) and 80� (right
column). Also, shown are 1� spreads (magenta error bars)
obtained from simulated data. Q values that are non-zero at
greater than 2� are shown by red squares in the plots.

Non-zero values of Q at greater than 2� level occur for
several energy combinations and for di↵erent patch sizes.
More significantly, the (10,40) energy combination plot
in the right column shows > 2� deviations from zero for
all patch sizes from R = 9� � 20�. We should keep in
mind, however, that we have scanned over several pa-
rameters and the actual significance of our results should

Patch centers with |b| > 80�

E3 = 50 GeV

Different energy bins probe magnetic 
field on different length scales.

Q(R;E1, E2, E3) = hn1 ⇥ n2 · n3iR

(“clean” as prescribed in 09/2013)
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be modulated by a penalty factor discussed further be-
low. Nevertheless, a robust check of our results will be
provided once new Fermi-LAT data becomes available.

When we analyze the (10,40) data separately for the
northern and southern hemispheres, as in Fig. 4, we find
that Q values deviate from zero at the & 3� level in
the northern hemisphere (b > +80�) for patches with
R = 9� � 20�. The southern hemisphere plot is similar
(e.g. the sign) to that in the northern hemisphere but the
signal is weaker (⇠ 2�).
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FIG. 4. Q vs. R for the northern and southern hemispheres
and for both combined. The southern hemisphere Q values
are consistent with zero at the ⇠ 2� level; the northern hemi-
sphere values are non-zero even at the ⇠ 3� level for the
largest patches.

Our results have an interpretation in terms of cascade
gamma rays originating from TeV blazars in the presence
of a cosmological magnetic field with helicity. However
there are other possibilities too. The signal may be due to
contamination from the Milky Way. We have tested this
possibility by only taking patches centered at very high
absolute galactic latitudes where contamination from the
Milky Way should be minimal. We find that the signal
actually grows stronger if we restrict the patch centers to
be at higher absolute galactic latitudes (|b| > 80� com-
pared to |b| > 70�). The stronger signal at high latitudes
suggests that the e↵ect is extragalactic. Another possi-
bility is that the signal may be a statistical fluctuation.
To estimate the penalty factor introduced by scanning
over angle and energy, we perform a Monte Carlo sim-
ulation and count the occurrence of Q values that devi-
ate by more than 2� for 12 consecutive values of patch
radii, R, in any energy bin, (E1, E2), and with cuts of
|b| > 70�, 80�. Such signals only appear with probability
⇠ 0.005. As more data is accumulated, our findings will
become more robust as we will have smaller error bars
and we will also be able to resolve the “look elsewhere
e↵ect”.

Next we assume that the signal is indeed due to the
cascade process in the presence of a cosmological mag-
netic field. What properties of the magnetic field can we
deduce from the results?
We can estimate the magnetic field strength if we as-

sume that the patch radius at which we get a signal is
determined by the bending of cascade electrons in the
magnetic field. The bending angle is estimated as [3]

⇥(E�) ⇡ 7.3⇥10�5

✓
B

10�16G

◆✓
1Gpc

Ds

◆✓
E�

100GeV

◆�3/2

.

With ⇥ ⇡ 12�, E� ⇡ 10 GeV, Ds ⇡ 1000 Mpc, we obtain
B ⇠ 10�14 G. This value is about two orders of magni-
tude larger than the lower bound found in Ref. [17] and
consistent with the claimed measurement in Ref. [18, 19]
(also see [20]). In this connection we should point out
that there is debate on whether pair produced electrons
and positrons isotropize due to plasma instabilities [21–
25] or if their propagation is simply given by bending due
to a Lorentz force. Our results favor the latter scenario
as it is hard to see how a plasma instability could give
rise to a CP violating signature of the type we find.
The energy combinations (E1, E2) determine the dis-

tance on which the gamma rays probe the magnetic
field correlation function. From Eq. (2) we find that the
(10,20) GeV combination of energies probes distances
⇠ 10 Mpc. This should be considered as an order of mag-
nitude estimate since we cannot be sure of the parameters
 and zs that enter Eq. (2), and also the relation (2) was
only derived in the case that the E3 photon points back
to the source.
Finally, since we find Q < 0, this indicates that

the cosmological magnetic field has left-handed helic-
ity. This could be very interesting for particle physics
and early universe cosmology since baryogenesis predicts
left-handed helicity [26] while leptogenesis predicts right-
handed helicity [27].
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Statistical fluctuation?

• Statistical chance of similar signal* in synthetic 
data is ~0.5%.
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*Larger than 2-sigma deviation for 12 consecutive R, in any (E1,E2) bin.



Systematics?

• Need a P odd systematic, e.g. rotations of 
10 GeV photons around 50 GeV photon 
directions. Cannot be implemented globally. 
Tried rotations around poles with no 
significant change in signal.
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is given by the average of the radial component of ⌘1⇥⌘2

taken over all patches in the sky centered on photons with
energy E3, and ⌘a are the average locations of photons
of energy Ea within a patch.

An intuitive picture for the meaning of the correlator
is shown in Fig. 2. We observe photons of three di↵er-
ent energies (illustrated by three di↵erent colors) on the
cut-sky away from the galactic plane. We assume that
the highest energy E3 photons approximately represent
the source directions. Lower energy (E1 and E2) photons
in patches of some radius R around the position of the
E3 photon are more likely to be from the same source.
Then we consider the vectors in the patches as shown in
Fig. 2 and ask if the directed curves from E3 to E2 to
E1 are bent to the left or to the right, i.e. are the pho-
tons of decreasing energy in patterns of left-handed or
right-handed spirals? A positive (negative) value of the
statistic Q implies that there is an excess of right-handed
(left-handed) spirals in the gamma ray sky.

Next we measure the value of Q on the emission de-
tected by the Fermi-LAT, using ⇠ 60 months of data.
The data were processed with the FERMI SCIENCE
TOOLS [15] to mask regions of the sky heavily con-
taminated by Galactic di↵use emission and known point
sources. We selected LAT data from early-August 2008
through mid-August 2013 that were observed at galac-
tic latitudes, |GLAT | � 50�. To ensure that the events
are photons with high probability, we use the Pass 7
(V6) CLEAN instrument response function. Contamina-
tion from photons produced by cosmic-ray interactions in
the upper atmosphere is avoided by excluding events with
zenith angles greater than 105�, and only data for time
periods when the spacecraft’s rocking angle was below
52� were considered. Since we are interested in the dif-
fuse emission, we mask out a 3� angular diameter around
each source in the First LAT High-Energy Catalog [16].

We restrict our analysis to the energy range 10 � 60
GeV where the point spread function (PSF) of the instru-
ment is small enough, and we bin the data in 5 linearly
spaced energy bins of width �E = 10 GeV. We will label
events with energies in (E,E +�E) by E, e.g. 10 GeV
photons refers to data in the (10, 20) GeV bin. The total
number of photons above 60� in each of the five bins of
increasing energy is 5914, 1433, 626, 294 and 147.

Then we evaluatedQ using Eq. (5) for patches of radius
R = 1��20� and for each of the six possible combinations
of E1 < E2 < E3 = 50 GeV as shown in Fig. 3. The left
and right columns display the analysis with E3 = 50 GeV
photons that are restricted to lie with absolute galac-
tic latitude larger than 70� and 80� respectively. For the
smallest values of R some of the patches centered on the
highest energy E3 events will not contain any low-energy
photon, and we set Q = 0 in this case. To each data point
we associate the “standard error” bar, which is given by
the standard deviation of the distribution of Q values
over di↵erent patches, �Q, divided by

p
N3 where N3 is

the number of E3 photons, which is the same as the num-
ber of patches. Thus, �Q = �Q/

p
N3. We also evaluated

errors due to the Fermi-LAT PSF. As the PSF is on the
order of arc minutes, these resolution errors are negligi-
ble compared to the standard error and are not shown.
For comparison, we have generated mock data using a
uniform distribution of gamma rays at each energy. The
mean value of Q and its standard deviation are evaluated
over 104 realizations of synthetic data that are treated
exactly like the real data. As shown in Fig. 3, the mean
value for the mock data is zero and the 1� spreads are
larger than the standard error obtained with real data.
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FIG. 3. Q vs. patch radius in degrees for di↵erent combina-
tions of {E1, E2} 2 {10, 20, 30, 40} GeV when patches cen-
tered on E3 = 50 GeV photons are considered at absolute
galactic latitude greater than 70� (left column) and 80� (right
column). Also, shown are 1� spreads (magenta error bars)
obtained from simulated data. Q values that are non-zero at
greater than 2� are shown by red squares in the plots.

Non-zero values of Q at greater than 2� level occur for
several energy combinations and for di↵erent patch sizes.
More significantly, the (10,40) energy combination plot
in the right column shows > 2� deviations from zero for
all patch sizes from R = 9� � 20�. We should keep in
mind, however, that we have scanned over several pa-
rameters and the actual significance of our results should

09/2013

“clean” as prescribed 09/2013. “clean” as prescribed 01/2014.



Analysis Tools at wiki.

https://sites.physics.wustl.edu/magneticfields/wiki/index.php/Search_for_CP_violation_in_the_gamma-ray_sky
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⇥(E�) ⇡ 7.3⇥ 10�5

✓
B

10�16G

◆✓
1Gpc

Ds

◆✓
E�

100GeV

◆�3/2

.

Bending angle:

B ⇠ 10�14 G⇥ ⇡ 12�, E� ⇡ 10 GeV, Ds ⇡ 1 Gpc :

Energy bins probe length scale: ⇠ ⇠ 10 Mpc

Sign of Q: magnetic field has left-handed helicity.
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Tantalizing hints* for --	


!

Cosmological CP violation	


!

Cosmological magnetic field	


!

Cosmological matter-genesis	


!

Cosmological phase transition	


!

...
*in order of increasing theoretical input



Coherence Scale
Length scale grows by Hubble expansion and inverse cascade, in	



radiation- and matter-dominated epochs.

�eq = �inj

�
aeq

ainj

�1+� �
a0

aeq

�1+�/2

� (1 cm)
�

Tew

1eV

�1+2/3

104+1

� 1020 cm
� 0.1 kpc

Expect

34


