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(1)  Message from a cosmologist:  many of the most compelling models 
of primordial magnetogenesis predict that the IGMF is helical.   

(2)  If you simulate EM cascades in the presence of cosmological 
magnetic fields, then simulate helical B-fields!   

(3)  If you make gamma ray measurements to probe the IGMF, then think 
about ways to probe for helical B-fields ...  (I’ll tell you my idea, but 
yours might be better!)   

Take-aways 



Helical B-Field from the 
Early Universe 
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Generation via axion inflation 

Rolling axion field during inflation leads to 
the growth of a helical magnetic field.   

Garretson,	Field,	&	Carroll	(1992);		Anber	&	Sorbo	(2006)	
Durrer,	Hollenstein,	Jain	(2010)			

Barnaby,	Moxon,	Namba,	Peloso,	Shiu,	&	Zhou	(2012)	
Fujita,	Namba,	Tada,	Takeda,	Tashiro	(2015)		

Anber	&	Sabancilar	(2015)	
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Figure 3: Clockwise from the top: The magnetic field intensity, the correlation length, the
energy density of inflaton fluctuations and the total energy fraction in the gauge field. All are
plotted as a function of the number of e-folds after the end of inflation for several values of
the axion-gauge coupling from ↵/f = 35m�1

Pl

(red) to ↵/f = 60m�1

Pl

(purple) in increments
of ↵/f = 5m�1

Pl

, color-coded along the rainbow spectrum. The dotted black curves of B2

phys

show the results of the the no-back-reaction calculation.

therefore lead to significant sampling errors by randomly sampling or missing each band.
However, a simple time-averaging can still bring out the underlying red-shifting behavior.

Furthermore, at early times, the numerical results for the magnetic field and correlation
length obtained from the integration of the expressions given in eq. (2.17) and eq. (2.18) are
somewhat dependent on the upper limit of integration, as seen in Fig. 4. This is indicative
of a renormalization issue that we have not addressed. If one would integrate the mode
amplitude in an infinite k interval, the Bunch Davies contribution would cause the integral
to diverge. In any reasonable finite range of wavenumbers, once the tachyonic resonance sets
in, the modes that are amplified will dominate the energy density, and correspondingly the
magnetic field intensity. Renormalization will not be required, unless the considered range of
wavenumbers is exponentially larger than the range of amplified wavenumbers. We return to
this issue in section 3.2.3.

The power spectra for the two gauge field polarization modes calculated through the
no-back-reaction approximation and using the full lattice code are in excellent agreement, as
shown in Fig. 5.

– 12 –

La#ce	simula,on	of	B-field	growth	during	prehea,ng	a:er	axion	infla,on					
[Adshead,	Gilpin,	Scully,	Sfakianakis	(2016)]	
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What is a helical magnetic field? 

More power in left- or right-circular polarization modes.   

B(x, t) =

Z
d3k

(2⇡)3

h
B+

k e

+(k)e�ik·x +B�
k e

�(k)e�ik·x
i



It creates the baryon-asymmetry too! 
The decaying helicity of the PMF sources 
baryon-number through Standard Model 
processes.   
 
The discovery of a helical IGMF today could 
be a hint toward understanding the origin 
of the matter / antimatter asymmetry of the 
universe!   

Vachaspati	(1991,	2001);	
Giovannini	&	Shaposhnikov	(1997),	Giovannini	(1999);	

Fujita	&	Kamada	(2016);		
	

Kamada	&	AL	(1606.08891	&	1610.03074)	
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How to probe the 
IGMF today? 
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Difficult to probe B-field with CMB 

Pogosian,	Vachaspati,	Winitzki	(0112536)	
Caprini,	Durrer,	&	Kahniashvilli	(0304556)	
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The B-field energy density gravitates producing scalar, vector, & 
tensor metric perturbations … all of the same order: 
 
 
 
 
 
Observations of the TT power spectrum constraint B<~ nG. 
Limits will not improve much in future (TT is 4th order in B). 
 
Helicity is even harder!  The B-field helicity density induces 
parity-odd TB and EB cross-correlations.  These are typically set 
to zero as calibration. 



TeV	γ-ray	
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Strategy #1: Blazar Spectra 

e+	e-	
pairs	

EBL	

GeV	γ-ray	

CMB	
energy	

E2	dN/dE	

TeV spectrum suppressed,
GeV spectrum enhanced



TeV	γ-ray	
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Strategy #1: Blazar Spectra 

e+	e-	
pairs	

EBL	

GeV	γ-ray	

CMB	
energy	

E2	dN/dE	

TeV spectrum suppressed,
GeV spectrum enhanced

energy	

E2	dN/dE	

no GeV enhancement

Cascade deflected by B-field, reducing flux of 
cascade photons that reach Earth 

B-field	
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Strategy #1: Blazar Spectra 

IGMFs and GeV emission of 1ES 0229+200 L73

Figure 2. SED of 1ES 0229+200 in the high-energy band and the expected reprocessed GeV emission. Red points show the observed H.E.S.S. spectrum
(Aharonian et al. 2007) and the green points the points after the correction for the absorption with the Low SFR EBL model of Kneiske et al. (2004). See
Tavecchio et al. (2009) for details. The short-dashed black line is an approximation of the intrinsic spectrum, modelled as a hard power law. The long-dashed
line is the corresponding absorbed spectrum following Kneiske et al. (2004). The shaded grey region between these two lines shows the absorbed flux. Note
that the total amount of absorbed power, that is the relevant quantity for the estimate of the level of the reprocessed GeV emission, is only slightly sensitive to
the assumed spectral shape, since it is dominated by the flux at the largest energies. The coloured lines report the approximation of the expected reprocessed
spectrum for different values of the IGMF, B = 10−15, 10−14, 10−13 G and two different values of the initial collimation angle (θc = 0.1 and 0.05 rad, solid
and dashed–dotted lines, respectively), determining the intrinsic beaming of the primary radiation. For comparison, we also report the curves (black dotted
lines) corresponding to the two extreme cases of (upper) B = 0 and (lower) completely isotropy of the reprocessed emission (extremely large B). Black points
show the Fermi/LAT upper limit to the flux in the 100 MeV–1 GeV, 1–10 GeV and 10–30 GeV bands obtained through the spectral parameters derived with
the standard analysis (see the text for more details). The black solid line shows the lowest possible reprocessed spectrum consistent with the upper limits,
corresponding to a magnetic field of B = 5 × 10−15 G (for θc = 0.1).

of 10 per cent at 100 MeV, 5 per cent at 500 MeV and 20 per cent
at 10 GeV (Rando et al. 2009).

3.2 Results

Fig. 2 shows the high-energy SED of 1ES 0229+200 including the
TeV data from H.E.S.S. (red) and the same points corrected for
the absorption (green) using the Low SFR model of Kneiske et al.
(2004). We assume that the intrinsic spectrum is well represented
(dashed line) by a hard power law, FE ∝ E1/3 (see Tavecchio et al.
2009 for the justification of this choice). The black dotted line is the
corresponding absorbed spectrum using the Kneiske et al. (2004)
model. The area in grey shows the flux absorbed and available for
reprocessing. As long as the intrinsic spectrum is hard, the amount
of absorbed energy depends only on the intrinsic luminosity of the
highest energy bin Emax. The most conservative limit on the IGMF
corresponds to the lowest amount of reprocessed radiation that in
turn corresponds to the smallest intrinsic luminosity. To this aim,
we use the EBL model providing the lowest opacity around 10 TeV.

We report the LAT upper limit in the 0.1–1, 1–10 and 10–30 GeV
bands (Table 1). The solid and dot–dashed lines report the expected
reprocessed emission assuming three different values of the IGMF
and two different beaming angles (0.05 and 0.1 rad, corresponding

to bulk Lorentz factors " = 20 and 10, respectively) for the intrinsic
blazar emission. The black line is calculated for the minimum value
of the magnetic field consistent with the upper limit, B = 5 ×
10−15 G. Note that, due to the very hard reprocessed spectrum, the
most stringent upper limit is that at the highest energies, 10–30 GeV.
Beaming angles θc smaller than those assumed here (corresponding
to larger bulk Lorentz factors of the jet) would result in lower values
for the upper limit on B (see equation 6).

We remark that unlike the methods based on the estimate of the
rotation measure in the radio band (e.g. Kronberg 2001), with which
it is possible to derive upper limits to the IGMF, this method allows
us to put a lower limit on B. If the hint of detection in the highest
energy bin is real, we have two possibilities: either it is the repro-
cessed radiation, and in this case it gives a measure of B, or it is still
primary emission from the blazar (even if belonging to a component
different than that observed at TeV energies; e.g. Tavecchio et al.
2009), and in this case our limit would still hold.

4 DISCUSSION

The lower limit on the value of the magnetic field derived here,
B > 5 × 10−15 G, can be considered one of the most stringent
values ever derived for the IGMF. The value is mainly constrained

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, L70–L74
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Studies	in	2010	do	not	see	cascade	
photons	from	the	TeV	blazar	1ES	
0229+200	[Neronov	&	Vovk;	Tavecchio	et.	al.]	
	
Can	be	interpreted	as	evidence	for	an	
IGMF	with	field	strength		
	
B >~ 10-16 … 10-14 G
	
	
	
Caveat:		assumes	O(1)	energy	goes	
into	EM	cascade.		It	has	been	argued	
that	most	energy	is	lost	into	heaCng	
the	medium	via	plasma	instabiliCes,	
and	the	limits	are	weakened	
[Broderick,	Chang,	Pfrommer,	Puchwein]	
[Menzler	&	Schlickeiser]	

Absence	of	cascade	emission	in	
observa,ons	of	TeV	blazar	spectra	
provide	evidence	for	an	IGMF.			

no cascade 
γ’s seen



But if some γ’s are 
deflected away, others 
must be deflected back 
toward the line of sight 



The cascade gamma rays are also deflected back toward the line of 
sight creating a halo of GeV gamma rays around the TeV blazar.   
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Strategy #2: Blazar Cascade Pair Halo 
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Evidence for pair halos in 
stacked blazar analysis   

MAGIC	(2010), Fermi-LAT (2013),	
HESS	(2014),		
&	VERITAS	(2017) [plot above]	
--	no	halo	observed	
--	broadening	consistent	with	PSF	

Strategy #2: Blazar Cascade Pair Halo 

Chen,	Buckley,	&	Ferrer	(2015)	
--	24	stacked	BL	Lacs	(z<0.5)	
--	evidence	for	extended	emission	(over	PSF	alone)	
--	when	interpreted	as	IGMF,	implies	B0	~	10-17	…	10-15	G	

Limits from γ-ray telescopes 
(MAGIC, Fermi, HESS, VERITAS) 

3

of the PSF is critical for this type of study. Pulsars with
unresolved pulsar wind nebulae (PWN) can be used as
calibration sources since they are effective point sources
for Fermi-LAT [12, 14]; here we choose the Geminga [26]
and Crab [27] pulsars. To plot different angular distribu-
tion profiles of different stacked source classes, we calcu-
late and remove the diffuse background for each source,
sum the background-subtracted counts and then normal-
ize the profiles. We calculate the angular profiles for the
stacked pulsars, the 24 BL Lacs, and the 26 FSRQs, as
shown in Fig. 1. The angular profiles for stacked pul-
sars agree with their PSFs (P7REP SOURCE V15) in
each energy range [21]. The normalized angular profiles
of stacked BL Lacs have lower scaled counts per unit
solid angle at small θ, providing evidence for extended
emission since the additional counts in the extended halo
reduce the scaled counts at small angles after normaliza-
tion. The deficit in counts at small θ (evidence for ex-
tended emission) is only significant in the lowest energy
bin, consistent with the expectation that the angular ex-
tent of the halo is larger at lower energies, as indicated
in Eq. 1. In contrast, the angular profiles of the stacked
FSRQs are indistinguishable from our surrogate point-
source data from pulsars, as shown in Fig. 1.

d
N

/d
Ω

 (
sr

  
)

-1

θ (degree) θ (degree)

FSRQs

Pulsars

BL Lacs

FIG. 1. Angular distribution of photon events around the
stacked pulsars (black), the stacked FSRQs (red), and the
stacked BL lacs (blue): vertical errors are the 68% confidence
intervals; horizontal errors show the size of angular bins.

STATISTICAL EVIDENCE FOR PAIR-HALO

EMISSION AND ESTIMATION OF THE IGMF

To model the normalized angular profiles g(θ), we use

g(θ; fhalo,Θ) = fhaloghalo(θ;Θ) + (1− fhalo)gpsf(θ), (2)

where fhalo is the fraction of the pair halo component,
Θ is a single parameter characterizing the angular extent
of the halo. gpsf(θ) is the effective PSF for the stacked
source [21] and ghalo(θ;Θ) is a Gaussian function of θ (in
the small angle approximation) convolved with the PSF.
Then, the number of photon events in the j-th angular
bin around the stacked source is estimated by

λj(fhalo,Θ,µ,A) =
∑

i

(Aigj + µi)Ωi,jwi,j , (3)

where gj is the discrete value of the normalized angular
distribution g(θ) given by Eq. 2, A and µ are a set of
normalization factors {Ai} and a set of the assumed uni-
form background values (in counts per unit solid angle)
{µi}, respectively, for each of the i-th source. Ωi,j is the
solid angle of the j-th angular bin around the i-th source.
wi,j = Ei,1/Ei,j is the exposure corrector to calibrate the
expected counts in the j-th angular bin around the i-
th source to the level of the center angular bin of this
source, where E is the averaged exposure of the angular
bin. For a given configuration of the angular bins, a set
of estimators {λj} is a function of fhalo, Θ, µ, and A.
We present both a frequentist and Bayesian analysis

of the data. A set of observed counts N = {Ni,j} are
estimated by the model given by Eq. 3, where Ni,j is the
number of counts in the j-th angular bin around the i-th
source. Counts in the background bins are also estimated
by the isotropic background model derived from µ. For
the frequentist analysis, maximum likelihood estimation
(MLE) is used for the model fitting. The logarithm of the
likelihood ratio is evaluated as a test statistic (TS), pro-
viding the confidence level of getting N . Since the num-
ber of counts in each bin (i, j) can be quite small (average
counts in an individual bin ⟨Ni,j⟩ ∼ 3 for the BL Lacs and
⟨Ni,j⟩ ∼ 6 for the FSRQs in the 1 GeV-1.58 GeV energy
range), a naive application of the MLE where one eval-
uates the joint likelihood L ≡

∏

i,j P (Ni,j |λi,j) can give
large estimation errors, resulting in a non-converging dis-
tribution of the TS (the logarithmic likelihood ratio), and
can potentially lead to a type II error [21]. While this is
addressed by the Bayesian analysis, it may be a problem-
atic for a frequentist inference [28]. Here we adopt a novel
approach [21] where we repartition the data into two sets:
the stacked angular distribution {

∑n
i=1 Ni,j} ≡ {ηj} ob-

tained by summing over sources i, and the stacked source
distribution {

∑m
j=1 Ni,j} ≡ {ζi} obtained by summing

over angular bins j, where m and n are the total num-
ber of angular bins and stacked sources, respectively. The
likelihood of obtaining {ζi} and {ηj} is calculated as Lon.
This is combined with the likelihood of getting a set of
{Ni,m} counts detected in each background bin around
each source Loff .
We subsequently evaluate the joint likelihood L =

Lon×Loff which is defined in the multidimensional space
of the model parameters, x = (fhalo,Θ,µ,A) [21]. Note
that both ζi and ηj have relatively large number of
counts, and Ni,m is also relatively large since the solid
angle of the background bins is much larger than that
of an individual angular bin (i, j), hence the following
frequentist analysis acting on ζi, ηj , and Ni,m will not
encounter the problem of small sample size. To get the
quantitative significance of the pair halo, we focus on the
space of the two model parameters, fhalo and Θ. We
must distinguish between two hypotheses in this space:
the hypothesis of halo emission H1 and the null hypoth-
esis H0, where H0 denotes a pure point source where

– 13 –

Source name z Γ Cutoff T [min] Nexcess σdetect p− value

Mrk 421 0.031 1.772±0.008 Y 2269 21388 185.3 0.19
Mrk 501 0.034 1.716±0.016 Y 1389 7339 94.8 0.38

VER J0521+211 0.108 1.923±0.024 Y 990 649 23.2 0.31

H 1426+428 0.129 1.575±0.085 Y 1586 659 7.6 0.95
1ES 0229+200 0.139 2.025±0.150 N 3634 810 10.3 0.30

1ES 1218+304 0.182 1.660±0.038 N 3481 3420 35.5 0.52
PG 1553+113 0.4-0.6 1.604±0.025 ? 4502 4852 46.0 0.003

Table 1: Source properties. Column 1: Source name. Column 2: Redshift. Column 3: Assumed

intrinsic spectral index (given by the Fermi–LAT measured index (Ackermann et al. 2015)). Col-

umn 4: Indication of presence of a intrinsic spectral cutoff or break. Column 5: Exposure time.

Column 6: Number of excess events. Column 7: VERITAS detection significance. Column 8:

Probability that the θ2 histograms in data and simulation are drawn from the same distribution.
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Fig. 1.— Comparison between the angular profiles of Mrk 501 and 1ES 1218+304 and their

simulated counterparts. The results of a χ2 probability test are shown in Table 1 for all sources.

see	also	talks	by	F.	Oikonomou,	M.	Meyer,	and	M.	Lorentz	(Wednesday)	



What can blazar halos 
tell us about helicity? 



•  How does magnetic helicity affect the halo?   
Halo Size è Field Strength 
Halo Shape è Magnetic Helicity 

 

•  Endows it with parity-violating property: skew 

Kahniashvilli	&	Vachaspati	(2006);	Tashiro	&	Vachaspati	(2013);		Tashiro,	
Chen,	Ferrer,	&	Vachaspati	(2013);	Tashiro	&	Vachaspati	(2015);		

AL	&	Vachaspati	(2015)	

γ-Ray	Energy:	
RED	=	high	

BLUE	=	medium	
PURPLE	=	low	

non-helical 
deflection ~ E-3/2 

maximally helical 
R-handed 

maximally helical 
L-handed 

Blazar Halo Morphology 
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Cascade Evolution “Simulations” 
CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


(overly-)	Simplifying	AssumpCons	
...	MonochromaCc	blazar	spectrum	(5	TeV);	isotropic	emission	
...	Gamma	rays	and	e+e-	travel	exactly	their	mean	free	path	
…	Single	scagering;	Minkowski	spaceCme	
...	MonochromaCc	B-field	spectrum	(k	=	2π/λ)	
…	Simplified	models	for	B-field	

è	Cases	1,	2,	&	3	=	B-field	is	homogenous	(B0)	
è	Cases	4	&	5	=	B-field	is	helical	(B0	&	λ)	



Cascade Evolution “Simulations” 
CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


(overly-)	Simplifying	AssumpCons	
...	MonochromaCc	blazar	spectrum	(5	TeV);	isotropic	emission	
...	Gamma	rays	and	e+e-	travel	exactly	their	mean	free	path	
…	Single	scagering;	Minkowski	spaceCme	
...	MonochromaCc	B-field	spectrum	(k	=	2π/λ)	
…	Simplified	models	for	B-field	

è	Cases	1,	2,	&	3	=	B-field	is	homogenous	(B0)	
è	Cases	4	&	5	=	B-field	is	helical	(B0	&	λ)	

-2 -1 0 1 2

-2

-1

0

1

2

Lateral Extent: q cos f @degD

Tr
an
sv
er
se

Ex
te
nt
:
q
si
n
f
@deg

D

B0 = 10-15 G
ds = 1 Gpc

Eg = 5 GeV 510 10

15 15

20 20

100

Case 2



Cascade Evolution “Simulations” 
CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


(overly-)	Simplifying	AssumpCons	
...	MonochromaCc	blazar	spectrum	(5	TeV);	isotropic	emission	
...	Gamma	rays	and	e+e-	travel	exactly	their	mean	free	path	
…	Single	scagering;	Minkowski	spaceCme	
...	MonochromaCc	B-field	spectrum	(k	=	2π/λ)	
…	Simplified	models	for	B-field	

è	Cases	1,	2,	&	3	=	B-field	is	homogenous	(B0)	
è	Cases	4	&	5	=	B-field	is	helical	(B0	&	λ)	

-2 -1 0 1 2

-2

-1

0

1

2

Lateral Extent: q cos f @degD

Tr
an
sv
er
se

Ex
te
nt
:
q
si
n
f
@deg

D

B0 = 10-15 G
ds = 1 Gpc

Eg = 5 GeV 510 10

15 15

20 20

100

Case 2 Case 5



Cascade Evolution “Simulations” 
CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


CASE 1


CASE 2


CASE 3


CASE 4


CASE 5


-2 -1 0 1 2

-2

-1

0

1

2

Lateral Extent: q cos f @degD

Tr
an
sv
er
se

Ex
te
nt
:
q
si
n
f
@deg

D

B0 = 10-15 G
ds = 1 Gpc

Eg = 5 GeV 510 10

15 15

20 20

100

Case 2 Case 5

Helicity of the IGMF induces 
a “twisted” morphology to 

blazar halo 

JCAP09(2015)065

Figure 7. The halo map for Case 4. We have taken � = +1 and  = 0. For � = �1 the handedness
of the spiral is reversed, and for a phase shift  6= 0 the halo map is uniformly rotated, but otherwise
the structure remains unchanged. In the left panel, if � is further decreased below 100Mpc the spiral
becomes tighter, and if � is further increased above 1 Gpc the halo map asymptotes to a straight line.

and

�e↵(�, ✓) =  +
2⇡

�
(ds � d�0 cos(� � ✓)) (4.20)

is the e↵ective skew angle. For this case, eqs. (3.17)–(3.19)reduce to the set of equations

tan� = �� tan�e↵(�, ✓) (4.21a)

sin ✓ =
d�0
ds

sin � (4.21b)

cos � = cos
De

R
, (4.21c)

which can be solved analytically. The solutions are shown in figure 7. The most striking
feature in these figures is that the halo map forms a spiral pattern. The handedness of the
spiral is controlled by the helicity of the magnetic field, parametrized here by � = ±1. As
the phase shift  is varied, the halo map is uniformly rotated clockwise or counterclockwise.

As we vary the coherence length � the spiral becomes flatter or tighter. In the limit
of large coherence length � � d�0 ⇠ 100 Mpc, the cascade takes place in an e↵ectively

homogeneous magnetic field, B̂ ⇡ ŷ. Then we regain the behavior of Case 2 from section 4.2
in which the gamma rays propagate in a plane and arrive at Earth collimated into a line with
small transverse extent. In the opposite limit of small coherence length, �⌧ d�0 ⇠ 100 Mpc,
the TeV gamma rays sample the magnetic field at a random phase. In terms of the halo
map, this translates into a tightly wound spiral with multiple cycles. Varying the magnetic
field strength has the same e↵ect as in the previous cases. In the PH regime where the
field is weak, the angular size of the halo grows with increasing field strength, while in the
MBC regime where the field is strong, the angular size of the halo is limited by the geometry
(brown curve in right panel).
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B0 = 10�15 G

ds = 1Gpc

� = 125Mpc� = 250Mpc

� = 500Mpc� = 1000Mpc

γ-Ray	Energy:	
RED	=	high	

BLUE	=	medium	
PURPLE	=	low	

(now	allow	exponenCally-
distributed	propagaCon	
distances;	Case	4)	

Mag helicity leads to 
parity-violating halo 
morphology.   
 
Effect becomes 
“scrambled” for 
smaller coherence 
lengths. 

AL	&	Vachaspati	(2015)	



Simulations have been refined in subsequent work by other authors 
 

 E.g., Batista, Saveliev, Sigl, & Vachaspati (2016) [figures below] 
 … includes EBL spectrum (Kneiske & Dole), stochastic B-field w/ Batchelor spectrum 
 other morphology studies: Duplessis & Vachaspati (2017); Tiede et. al. (2017)  
 see also Fitoussi et. al. (2017) & talk by T. Fitoussi (Friday) 

 
Confirms our results from super-rough “simulation” 

 … blazar halo acquires skew due to helicity of IGMF  
 ... hard to distinguish helicities for small coherence length.   

ds = 1 Gpc , B0 = 10�15 G , Eblazar = 10 TeV 9

FIG. 4: Sky maps of arrival directions of photons from a blazar at a distance Ds = 1Gpc emitting photons with energy
ETeV = 10TeV in a jet with a half opening angle of  = 5� directed at the observer. The magnetic field is assumed to be
stochastic with RMS strength of B = 10�15 G and a coherence length of Lc ' 50Mpc (left), Lc ' 150Mpc (center) and
Lc ' 250Mpc (right) for fH = +1. The colors represent the same energies as in Fig. 2.
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FIG. 5: Di↵erent magnetic helicity measures for the three cases shown in Fig. 3, i.e. negative helicity (fH = �1, red), zero
helicity (fH = 0, black) and positive helicity (fH = +1, blue). The left panel shows the total distribution of “physical helicity”,
defined as B · (r⇥B), in the whole simulation box, normalized to 1. In the center panel the same measure is shown, however
restricted only to the line of sight and the neighboring cells. Finally, the right panel shows the helicity values along the line of
sight from the source (at x = 0Mpc) to the observer (at x = 1000Mpc).

We show here the results for Lc ' 120Mpc. For lower
coherence lengths (Lc . 50Mpc) and B . 10�15G we
find that the arrival direction pattern is washed out, and
it is not possible to infer the presence of helicity, thus
confirming the analytical predictions of Ref. [39] for this
combination of parameters using simulations. This can
be seen in Fig. 4 where the results for di↵erent Lc and
fH = +1 are shown. While for Lc = 250Mpc a clear
characteristic spiral in the arrival directions can be seen,
it becomes less visible for Lc = 150Mpc and disappears
for Lc = 50Mpc. Therefore, Lc = 120Mpc is a reason-
able choice in order to show the e↵ects of helicity dis-
cussed below. It is also a valid value in certain magneto-
genesis scenarios [54].

To understand the dependence of the spiral pattern
on the coherence scale, we note that, for small coher-
ence lengths, the spirals become too tight to be resolved,
i.e. their angular size becomes too small compared to the
overall halo [39]. It seems, however, that the quality of
the spiral might be highly sensitive to the specific values
of the parameters of the setting such as B, Ds and Lc

which we will further investigate in the future.

On the other hand, for larger coherence lengths the
spirals tend to a straight line, similarly to the top right
panel of Fig. 2, approaching the case of a simple uniform
magnetic field. This, again, is rather intuitive, since if
Lc & Ds, the stochastic magnetic field will e↵ectively be
uniform on the length scales in question.

On the right hand side of Fig. 3 we show the same
scenario described above, but this time the direction of
the jet is tilted by 5� with respect to the line of sight.
As one can see in the figure, this reduces the e↵ective
area of arrival directions and also the symmetry of the
pattern. In our example, for instance, one of the “arms”
of the spiral pattern or a part of it is removed. This
enables us to apply the Q-statistics [37] (discussed below)
to relate the helicity of the field with the arrival directions
of gamma rays. It should be noted that all findings of
this and the previous sections are in good agreement with
the analytic predictions of Ref. [39].
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FIG. 4: Sky maps of arrival directions of photons from a blazar at a distance Ds = 1Gpc emitting photons with energy
ETeV = 10TeV in a jet with a half opening angle of  = 5� directed at the observer. The magnetic field is assumed to be
stochastic with RMS strength of B = 10�15 G and a coherence length of Lc ' 50Mpc (left), Lc ' 150Mpc (center) and
Lc ' 250Mpc (right) for fH = +1. The colors represent the same energies as in Fig. 2.
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defined as B · (r⇥B), in the whole simulation box, normalized to 1. In the center panel the same measure is shown, however
restricted only to the line of sight and the neighboring cells. Finally, the right panel shows the helicity values along the line of
sight from the source (at x = 0Mpc) to the observer (at x = 1000Mpc).

We show here the results for Lc ' 120Mpc. For lower
coherence lengths (Lc . 50Mpc) and B . 10�15G we
find that the arrival direction pattern is washed out, and
it is not possible to infer the presence of helicity, thus
confirming the analytical predictions of Ref. [39] for this
combination of parameters using simulations. This can
be seen in Fig. 4 where the results for di↵erent Lc and
fH = +1 are shown. While for Lc = 250Mpc a clear
characteristic spiral in the arrival directions can be seen,
it becomes less visible for Lc = 150Mpc and disappears
for Lc = 50Mpc. Therefore, Lc = 120Mpc is a reason-
able choice in order to show the e↵ects of helicity dis-
cussed below. It is also a valid value in certain magneto-
genesis scenarios [54].

To understand the dependence of the spiral pattern
on the coherence scale, we note that, for small coher-
ence lengths, the spirals become too tight to be resolved,
i.e. their angular size becomes too small compared to the
overall halo [39]. It seems, however, that the quality of
the spiral might be highly sensitive to the specific values
of the parameters of the setting such as B, Ds and Lc

which we will further investigate in the future.

On the other hand, for larger coherence lengths the
spirals tend to a straight line, similarly to the top right
panel of Fig. 2, approaching the case of a simple uniform
magnetic field. This, again, is rather intuitive, since if
Lc & Ds, the stochastic magnetic field will e↵ectively be
uniform on the length scales in question.

On the right hand side of Fig. 3 we show the same
scenario described above, but this time the direction of
the jet is tilted by 5� with respect to the line of sight.
As one can see in the figure, this reduces the e↵ective
area of arrival directions and also the symmetry of the
pattern. In our example, for instance, one of the “arms”
of the spiral pattern or a part of it is removed. This
enables us to apply the Q-statistics [37] (discussed below)
to relate the helicity of the field with the arrival directions
of gamma rays. It should be noted that all findings of
this and the previous sections are in good agreement with
the analytic predictions of Ref. [39].
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FIG. 4: Sky maps of arrival directions of photons from a blazar at a distance Ds = 1Gpc emitting photons with energy
ETeV = 10TeV in a jet with a half opening angle of  = 5� directed at the observer. The magnetic field is assumed to be
stochastic with RMS strength of B = 10�15 G and a coherence length of Lc ' 50Mpc (left), Lc ' 150Mpc (center) and
Lc ' 250Mpc (right) for fH = +1. The colors represent the same energies as in Fig. 2.
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FIG. 5: Di↵erent magnetic helicity measures for the three cases shown in Fig. 3, i.e. negative helicity (fH = �1, red), zero
helicity (fH = 0, black) and positive helicity (fH = +1, blue). The left panel shows the total distribution of “physical helicity”,
defined as B · (r⇥B), in the whole simulation box, normalized to 1. In the center panel the same measure is shown, however
restricted only to the line of sight and the neighboring cells. Finally, the right panel shows the helicity values along the line of
sight from the source (at x = 0Mpc) to the observer (at x = 1000Mpc).

We show here the results for Lc ' 120Mpc. For lower
coherence lengths (Lc . 50Mpc) and B . 10�15G we
find that the arrival direction pattern is washed out, and
it is not possible to infer the presence of helicity, thus
confirming the analytical predictions of Ref. [39] for this
combination of parameters using simulations. This can
be seen in Fig. 4 where the results for di↵erent Lc and
fH = +1 are shown. While for Lc = 250Mpc a clear
characteristic spiral in the arrival directions can be seen,
it becomes less visible for Lc = 150Mpc and disappears
for Lc = 50Mpc. Therefore, Lc = 120Mpc is a reason-
able choice in order to show the e↵ects of helicity dis-
cussed below. It is also a valid value in certain magneto-
genesis scenarios [54].

To understand the dependence of the spiral pattern
on the coherence scale, we note that, for small coher-
ence lengths, the spirals become too tight to be resolved,
i.e. their angular size becomes too small compared to the
overall halo [39]. It seems, however, that the quality of
the spiral might be highly sensitive to the specific values
of the parameters of the setting such as B, Ds and Lc

which we will further investigate in the future.

On the other hand, for larger coherence lengths the
spirals tend to a straight line, similarly to the top right
panel of Fig. 2, approaching the case of a simple uniform
magnetic field. This, again, is rather intuitive, since if
Lc & Ds, the stochastic magnetic field will e↵ectively be
uniform on the length scales in question.

On the right hand side of Fig. 3 we show the same
scenario described above, but this time the direction of
the jet is tilted by 5� with respect to the line of sight.
As one can see in the figure, this reduces the e↵ective
area of arrival directions and also the symmetry of the
pattern. In our example, for instance, one of the “arms”
of the spiral pattern or a part of it is removed. This
enables us to apply the Q-statistics [37] (discussed below)
to relate the helicity of the field with the arrival directions
of gamma rays. It should be noted that all findings of
this and the previous sections are in good agreement with
the analytic predictions of Ref. [39].

λ = 50 Mpc λ = 150 Mpc λ = 250 Mpc



large coherence  
length >~ 100 Mpc 

small coherence  
length <~ 100 Mpc 

Results	in	twisted	
halo	map	

Cascade probes B-
field on scales up to 

~100 Mpc 

Twist	is	scrambled	

⇠ 100 Mpc
(set by mean free path 

of TeV gamma ray) 

Why the smearing? 



How do we measure it? 



(1)  The subtle approach:  better angular resolution (PSF)
 
è You want good enough resolution to not only see the halo 

(distinguish from a point source) but also see the “twist.” 

è Predicted twist angle is model-dependent, but typically this requires  
δθ68 < 0.1o at Eγ ~ GeV. 

è A new telescope?   
 
 
(2)  The brute force approach:  more statistics
 
è We don’t really need to see the halo shape, we just want to know if it 
has a twist.  Define a test statistic that selects out parity-violating shape. 
 
 
 

How do we get there from here? 

Tashiro	&	Vachaspati	(2013);	Tashiro	&	Vachaspati	(2015);		
AL	&	Vachaspati	(2015);	Batista,	Saveliev,	Sigl,	&	Vachaspati	(2016)	



Parity-Odd Test Statistic 

non-helical 
deflection ~ E-3/2 

maximally helical 
R-handed 

maximally helical 
L-handed 

n̂(E) = arrival direction of E� = E

Partition data into three energy bins: high, medium, & low.   

test statistic: Q = n̂
low

⇥ n̂
med

· n̂
high

for alternate statistic see also Batista, 
Saveliev, Sigl, & Vachaspati (2016)	

hQi < 0hQi > 0hQi = 0
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inform IGMF helicity using 
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BLUE = halo size 
measurements could 
inform IGMF strength 



A global perspective 
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(figure	adapted	from	
Durrer	&	Neronov,	2013)	

Primordial magnetic fields 
evolve to here today 

probed by halo 
morphology
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The discovery of a helical intergalactic magnetic field would 
have profound implications for our understanding of cosmological 
inflation, axions, and the matter / antimatter asymmetry.   
 
 
In this talk, I have discussed how TeV blazar halos acquire a “twisted” 
morphology if the cascade develops in the presence of a helical IGMF.   
 
 
A parity-odd test statistic (like Q) can be used to infer the parity-
violating character of the halo.   
 
 
I’d like to see magnetic helicity included in simulations of cascade 
development with an eye toward probing helicity of the IGMF with 
gamma ray observations.   

Conclusion 


