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MAGNETIC FIELDS ARE OBSERVED ON SMALL UPTO
LARGE SCALES:

NEUTRON STARS: 10° G
SOLAR TYPE STARS: 10PE

ON GALACTIC SCALE: uG
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OBSERVATIONAL TRACERS OF GALACTIC AND
EXTRAGALACTIC MAGNETIC FIELDS:

DIFFUSE SYNCHROTRON RADIO EMISSION

! emissivity

v frequency

B, magnetic pPeld
perpendicular

(1 +1) /2

o X N()V_(! _1)/ZBL

v! 275 FOR GALACTIC RADIO EMISSION to line of sight
No number of relativistic

EQUIPARTITION OF ENERGY BETWEEN RELATIVISTIC PARTICLES AND MAGNETIC electrons per unit energ

FIELDS ALLOWS ESTIMATE OF MAGNETIC FIELD STRENGTH

SYNCHROTRON EMISSION from ensemble of electrons is linearly

polarized: For Galactic radio emission the degree of polarization Is upto
/5 % In a homogeneous field (can be reduced by e.g., iInhomogenerties
in the magnetic field, Faraday depolarization).
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FARAPAY ROTATION

Linearly polarized light propagating through a magnetized plasma
experiences the rotation of the plane of polarization by an ahgle= RM " “

where RM is theraraday rotation measure and ! is the wavelength of
radiation.

t L ne thermal electron density

A, . A I —2
RM =812 : neB adl radians m B  magnetic beld ihG
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outer Galaxy

Figure 3. Plot of 37,543 RM values over the sky north of § = —40°. Red circles are positive rotation measure and blue circles are negative. The size of the circle scales linearly with magnitude of rotation measure.
F1G. 11.— A sketch of the magnetic field in the disk of the Galaxy based on
this work. The bold arrows in the local arm and Q1 of the Sagittarius-Carina
TAYLOR, STIL, SUNSTRUM (2009) arm shows the only generally accepted location of the large-scale reversal in
ALL-SKY MAP OF ROTATION MEASURES IN THE MILKY WAY, QI (see discussion in Brown 2011). The remaining arrows show the field
USING DATA OF 37543 EXTRAGALACTIC SOURCES FROM THE directions as concluded from this study. The dashed arrows are less certain

due to the paucity of data available in these regions.

VLA NVSS SURVEY

MAGNETIC FIELD STRENGTH : VAN ECK, BROWN, STIL ET AL. (2011)
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GALAXY CLUSTER MAGNETIC FIELDS
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AVERAGE MAGNETIC FIELD
STRENGTH OF ORDER:
2 UG (KIM ET AL.1990) = |
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FARADAY ROTATION MEASURE PROBE OF THE COMA CLUSTER OF GALAXIES (KIM ET AL.1990).

OVERLAID ROSAT X-RAY CONTOURS MEASURED BY BRIEL ET AL. 1992 AND POSITIONS OF SOME NGC GALXIES IN
THE FIELD.

(KRONBERG 2005)
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MAGNETIC FIELDS BEYOND

KIM ET AL. 1989:

THE COMA-ABELL 1367
SUPERCLUSTER

HAS A MAGNETIC FIELD
OF STRENGTH 0.3-0.6 nG

CLUSTER SCALES

KRONBERG ET AL. 2007:

INTERGALACTIC
REGION NEAR COMA CLUSTER

CONTAINING A GROUP OF RADIO
GALAXIES WITH ENHANCED

SYNCHROTRON EMISSION
INDICATES EQUIPARTITION TOTAL

FIELD STRENGTH OF 0.2-0.4 MG

NERONOV, VOVK 2010:

USING FERMI SATELLITE:
LOWER BOUND ON ALL

PERVASIVE
INTERGALACTIC MAGNETIC

FIELD FROM NON-
OBSERVATION OF GEV

7 RAY EMISSION FROM
ELECTROMAGNETIC CASCADE

INITIATED BY TEV v RAYS IN
THE INTERGALACTIC MEDIUM:

MR E | §) 0
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MAGNETIC FIELDPS AT INTERMEDIATE REPSHIFTS

Kr onber g et al. (1992)
Rotation measur e (RM)map of the radio jet associated with the quasar PKS 1229-021. This quasar has
a prominent absortpion featur e presumably due to an intervening object at z= 0.395 (not being imaged
optically). RM changes sign along the Origde lineO of the jet in a quasioscillatory manner . Explanation:
Intervening galaxy has either a bisymmetric magnetic Peld or an axisymmetric magnetic Pbeld with
reversals along the lign of sight.

Estimate of magnetic Peld str ength: B;~1—4uG.
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USUALLY A PYNAMO MECHANISM IS ASSUMED TO
AMPLIFY AN INITIAL SEED FIELD.

TWO CLASSES OF MECHANISMS:

PROCESSES ON SMALL SCALES: VORTICAL
PERTURBATIONS, PHASE TRANSITIONS

AMPULIFICATION OF PERTURBATIONS IN THE
ELECTROMAGNETIC FIELD PURING INFLATION (TURNER,

WIDROW 198%....)

(REVIEWS: E.G.

GRASSO, RUBINSTEIN '01;
WIDROW '02; KANDUS, KK, TSAGAS 11)
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HELICAL MAGNETIC FIELDS

MAGNETIC HELICITY KINETIC HELICITY

STRUCTURE OF

MEASURE OF TOPOLOGICAL VELOC(TY FIELD,
STRUCUTRE OF MAGNETIC IMPORTANT IN
FIELD: LINKAGE AND TWISTS OF TURBULENCE

FIELD LINES.
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IF PRIMORDIAL MAGNETIC FIELPS HAVE THEIR ORIGIN IN
THE VERY BARLY UNIVERSE (BEFORE DECOUPLING) THEN
THEY AFFECT THE FORMATION OF ANISOTROPIES IN THE
COSMIC MICROWAVE BACKGROUND (CMB).

THE S TO

: kK ) _ 4
B (K)B; ()" = "y ,Ps(K) "i# =L+ "y Pa(K)ithjmPR,

UPPER CUT-OFF
AMPLITUDE
WHERE Par(K, K, Kr) = Ay ( ) W (k, K;»,)

A il AN

M =S,A PIVOT SCALE WINDOW FUNCTION
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MORE ON THE MAGNETIC FIELD SPECTRUM...

JEDAMZIK, KATALINIC, OLINTO (1998): DAMPING OF
THE DAMPI NC. SCALE km LINEAR ALFVEN WAVES

DETERMINED BY DIMENSIONLESS
ALFVEN VELOCITY AND SILK PAMPING

SCALE (SUBRAMANIAN, BARROW 1998)
(DAMPING OF NONLINEAR ALFVEN WAVES)

Dl 2 —2
[ K = ViirKsi J DAMPING SCALE
B s ! 7 . B 2
LARGEST DAMPED SCAL 1 1 | | Ceried

MAXIMAL WAVE NUMBER |
" CDM BEST FITWMAP7 2, = 0.0227h" © h =0.714
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THE WINDOW FUNCTION IS ASSUMED TO BE GAUSSIAN
OF THE FORM (KK “11)

W(k, k)= 7 2Kk 3! (Kkm)® SUCH THAT BEW (k, k) = 1

(OTHER CHOICES: STEP FUNCTION (GIOVANNINI, KK O08; FINELLIETAL O08; SHAW, LEWIS 010))

AVERAGE ENERGY PENSITY OF THE MAGNETIC FIELD
TODPAY

i LIRINE +3
peo = 'B(#)?"/2= Agn' ¢ <k_m) B (”52 )/4 ng > —3
L
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AVERAGE HELICITY MEASURES

Ag LA (14 L) I REALIZABILITY CONDITION:
m= g (i) (M) e Ao pa
A km - km na ) N e 4 MAXIMAL H’EL!C[TY (=):
liGi= HZ K ! A2 na >4 nNg! ng>0
2' 2 i : 2 4 ' 3 2(ng! na)
P it sisist yp e " Hy km/! «®4*2, magnetic helicity
gt i ; Hiecline A current helicity

1:1—1:?7-17 —To o e o
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PERTURBED EINSTEIN ERUATIONS (FOURIER SPACE)

(GAUGE INVARIANT DESCRIPTION) (KK 11) MAGNETIC FIELD

ENEBRGY DENSITY CONTRAST|

wa

i a’pA + 3a2p(1 + wWHk™'V P A= p(AustiAR) psl\e o paiNcekppiNg.
2M%k* + 3a*(1 + w)p '

2 pll 4
\If - _(I) B a-{) 2’ (l T M-")/—)v — —(pyv)’ L pl’vv) T pcvc‘ T pl)vb'
My k- 3
MAGNETIC FIELD |
. 2(p + P V ANISOTROPIC STRESS
o= 3w - LDV 1 1 |
2M;’k I_)H = gp‘y(ﬂy + 7TB) + §P1;7T,,. :

FLAT FRW BACKGROUND i

_ 4
ds? = a?(1) 1 di 2+ do' do I+w)p=z(py +p)+ P+ pe
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PERTURBATION ERUATIONS

MAGNETIC ENERGY DENSITY

PHOTON ENERGY DENSITY

n®=d ST
k

MAGNETIC FIELD CONTRIBUTION TO THE SCALAR

MAGNETIC ENERGY DENSITY

CONTRAST | g = I

FBi (@K —d)Bj(k—qd —

1
2010

¢

—

Bi (9B (k! )
#

g

Bm (G)Bm(IZ— q)Q

y

PB — —B ()?, 7')

7 3\ ; 7

‘ : | g (K) =
B.(X )= Bi(X.m) % | 5

:> > L
Bi(kr,"0) = ) Bi(k)Y (%, k) s (k) T

A k > \J q

Ty =! Bi(Z,7)B, (f,T)legz(f,T)éu

ASSUMPTION: MAGNETIC ENERGY

DENSITY DOES NOT CONTRIBUTE

TO TOTAL BACKGROUND ENERGY
DENSITY

3

MAGNETIC ANISOTROPIC STRESS

)i — P |

k

0 +E)Y =0, Y;=k Y+

s (K)Y; (K, X)

SCALAR HARMONICS

1
Vo
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MAGNETIC FIELD CONTRIBUTION TO:

BARYON VELOCITY EQUATION oy A0
3 P
Vo=0Bc:—1D)HV, + k(¥ — 3c2®) + kc2A,
. R
+ R N(Vy = Vi) + 2L,
E! 0 | SEE AR
REAL SPACE: Flasmylsstf s B (T i) > Lj =it 6! jB | !i#(B)ij
gt B ¢

EXPANDING IN

e . = 2
SCALAR Li(z,7) = i R ey | e AreEs [L(%): It :—S"B}

HARMONICS: i
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TIGHT-COUPLING LIMIT

/

. A
V,= 3 k( 7—"7+£—q>)+k\p+ :
PHOTON VELOCITY Lt kR 0 " 4 I +R
X [H (Bc2 — 1)V, + ke2(A, — 3®) — V]
VI V"V |
) l 2 2
V, = [H (Bc2— 1)V, + kc2(A, — 3D)] + kWP

| B %

A .
= [A( ”—"”+£—q>)+v].
1l + R 4 6 4\

BARYON VELOCITY
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RECALL: MAGNETIC FIELD
44 2 CONTRIBUTION
INITIAL CONDITIONS W=ltesl ge Vi NG

v - 5 A SQY(AB+L)+SQ 3-2Q,
e GETZ D YT U415+4Q, 2 15+4Q,  6Q,15+4Q,"
ADIABATIC I.C. : . ) B A 5 O, Ag 5+140. L
Voi=Vp=— - —r ¥ ot =
PR 4 4 YT TP 415+4Q, 215+4Q, 15+4Q,4
AT VA 09l e ch 54 52D
3 3 _7 S)Y’ITB
315+4Q,
TOTAL CURVATURE / i
PERTURBATION: PR 2By S, Q”(A3+L)
: 415+4Q, 15+4Q,6 8
x ! k! A Ag ’ ’
s = TFY+ QWT 13—4QVQ)'7TB
Vi = Vi/x 15+4Q, 12
b =1/ 2 N N A, 20 (Ag+L)
U= (5 S o
Q, 15+4Q, 15+4Q,
COMPENSATED  _~ 20, 3-20,

MAGNETIC MODE %Q H+4Q

e e

RIS B M S e i B2 om = = = S e - o
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PURE COMPENSATED MAGNETIC MODE: TREAT AS
ISOCURVATURE MODE WITH TWO DIFFERENT
CONTRIBUTIONS WHICH ARE NOT INDEPENDENT (SHAW,

LEWIS "10).
ONeTION O (k) = G (k)Ay(K) + GT (k) Ay (k). (KK "11)
!B:177TB:0\ /AB—O,!B:1
TRANSFER FUNCTION
el CMB ANGULAR POWER SPECTRA

: dk T T !
CUT = | [P [GOF + 2Py, G (DG (K) CrF = [CIPs, G WHE W) + s, [GH WHT ()|

+ P, (G (O], + G (kH " (k)] + P, G (WH{"],

— . 272
WHERE 1AL (K)As(K)" = o Pa, (K)o — ETC

k3
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CORRELATION FUNCTIONS

MAGNETIC ENER ool IR 272
: il I Ag (K)Ag (K)"= —Pi 41 5 (K).
DENSITY CONTRAST k3
WwWHERE
N\ 2 2(n5+i) ol 2,
PABAu(k?km) = l, 5 (PB.O) ( ) - / dzz"s12e (k—) z
T5)) \po) \Fn
1 A e )2 ng—2 ' |
f dfb‘ez(“_) “(1-2zz+2%) 2 (14 2° — 42z + 22%)
-1
H? g\ 2rat3) N2 poo oy () e ,
—QpEi, km) e (&) /0 dazna+2e (i) x | kay/ (ka)

2 na—
ez(“L) “(1 - 22z + 2° )_A'Tl(x—z),

.
g
ol

AND SIMILAR EXPRESSIONS FOR THE ANISOTROPIC STRESS
AUTOCORRELATION FUNCTION AND THE CROSS CORRELATION FUNCTION

A A A S e e e e
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SPECTRAL FUNCTION DETERMINING THE AUTOCORRELATION
FUNCTIONS OF MAGNETIC ENERGY DENSITY AS WELL AS
ANISOTROPIC STRESS AND THEIR CROSS CORRELATION

B=10 nG, Ng=-2.9, Ny=-1.9 B=10 nG, Ng=-2.9, Ny=-2.9
MAGNETIC DAMPING
WAVE NUMBER L L
ot 10° 107 10° 10° 10* 10° 10% 10" 10° 10?% 107 10°% 10° 10® 10° 107% 107 10°
_1 |G' —%
k =20 M C gy Ng=-1.9
i P P, %z, ), non hel]
8e-11 L
— P.\,{""'.’\..,““' na=-1.9
S0t P, non hel]
MAXIMAL WAVE Py, Ng=-1.9
NUMBER f u-CizulC:. non hell
40-11
(s o
: 3 2e-11
| 0 f——— ; 0
2e-11
2e-11
o011 - . - — .
107 10° 10° 10° 10° 102 10" 10° 10" 10° 107 10° 10° 10 10° 102 107 10° 10" 10°
k (Mpc ™) k (Mpc ™)

KK 12
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NONHELICAL MAGNETIC FIELD

VARYING B, KEEPING NB

1e-08

1e-09 |

1e-10

1e-11

=  te-12

1e-13

1e-14 |

1e-15 ¢

1e-16

FIXEP

108 107 10 10° 10% 102 102 107" 10°

Kk,

1e-10
1e-15
1e-20
1e-25

1e-30 |

1e-35

VARYING NB, KEEPING B
FIXEP

B=5nG

108 107 10°® 10° 10% 102 102 107" 10°

.

MAGNETIC ANISOTROPIC STRESS

KK 11
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.
MAGNETIC ANISOTROPIC STRESS
& |
i ) (X, 7) = Py g (K)QI™ (K, X) €
m=0,+1,+2 K
(1) e Ta
SCALAR. g (k) =" Z#—O €e Bi(k Q)BJ< )kl e B, (Q)B; (k" )k
| 1 1
QI(JO) = L' 2Q|ij + §Q(O)
| VECTOR o) LORENTZ TERM
: + 1 b
a2 =1 5 @i o
DN Eldm= L™ (k)™ (k, k)

Qi (k, x)

| @ ™

| |::> ISR = ——k#(+ (k)
: HELICITY BASIS

- 1

I 62 =1 2— (&1 iéy)
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EVOLUTION OF SHEAR MAGNETIC FIELD
H? 1
&P +2HoM = k<k2> [! ! (m(l) + Wg) + --w.@)]
TIGHT-COUPLING LIMIT
. H R k
iyl W= —1iR% Tiig (v(l) - 878))
PHOTONS vl = 1+ R ng T — ] IR(V“)+HV“))

stFET WD | b g
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INITIAL CONDITIONS FOR NUMERICAL SOLUTION

SET LONG AFTER NEUTRINO
S 1) |::> COMPENSATING I.C.
pECOUPLING: |1 £
COMOVING CURVATURE
B M:T_ PERTURBATION | (SCALAR MODES)

IN MOST MOBELS SOURCE SHEAR. | %)R MODES)

MAQNET’C F(EL—-DS FOR IC'N RE, DEQAYS
PRESENT BEFORE \ WITH TIME

NEUTRING DECOUPLING |
AMPUITUDE Hf) (TENSOR MODES)

KO)IMA, KAJINO,
MATHEWS "10;
SHAW, LEWIS 10;
BONVIN, CAPRINI "10;

DISCUSSION APPLIES TO SCALAR, VECTOR AND TENSOR MODES
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INITLAL CONDITIONS (FOorR NUMERICAL SOLUTION AT ! 1 1)
15 Q,my’ h) 10
(1) _ 22 3T vy = _TB y® = 22, 1) (1) _
% T4, B T =T ® Vi=ge, e ™ =0

Q, 45 g2 Q. 7 15 z?
(1) _ 8y (1) o (1) _ B -
T8 ( Lt 415140, ) Ns ,,f( T4 15+4sz,,)”"

CORRELATION FUNCTIONS: EVEN AND ODPD PARITY

1Dy G ey + 1 GO Gy GO ey

roD (k)G (k)" g D (Rt D (k) —— NON ZERO ONLY FOR
HELICAL MAGNETIC
FIELDS
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MAGNETIC ANISOTROPIC STRESS

§R =1 22 3 2 | (&) Bkt @ (¢f) By(@

GAUGE INVARIANT AMPUITUDE H\Y

@ L oHH® L kPR @ 2y, @ @ @

EVOLUTION BEFORE NEUTRINO PECOUPLING (surerHORIZON

SCALES)
(2) 1 H(2) i@ ppeadii
::> (e SRR e (= B R i = e

OF MAGNETIC
FIELD
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INITITAL CONDITIONS  (FOR NUMERICAL SOLUTION AT ! ! 1)
Hi(r) = Hp)(r )[1— b’ ]+sz w"z)lni[l— 5z ]
T\ T \'B 2(15 + 49,.) B g 2(15 + 49,
Lo 57 +O(z?),

"B 28(15 + 402,)

. 0. 4 . Q.72 - 150, 7@ . .
DY Lo c- B B S VT3 ,  15Q, mp 2, oz
mo(n) == "8t Fraa it Bt o P Y aa, 5ran, | £ TOE)

CORRELATION FUNCTIONS: EVEN AND ODPD PARITY

o e LG F e 2087 2) (i
(7 (K)xg? (K + 7y 2 (K)7y 2 (K))

(+2)% (DN (F2) oy (=2)% N (=2) (7 ; NON ZERO ONLY FOR
<7T (k)ﬂ-B (k ) "B (k)ﬂ-B (k )> HELICAL MAGNETIC FIELPS
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SPECTRA PETERMINING THE EVEN PARITY CORRELATION
FUNCTIONS FOR AND TENSOR MODES

B=10 nG, ng=-2.9, n,=-1.9
B=10 nG, ng=-2.9, n,=-2.9

Kk,
i1 10 1 b adheplobb s sl g b e Kikm
10 10 10 10 10 10 10 10
, N T T TN T HENs 1085110122087 102 107 1101 T 1015 LORNBItx
10 || ——— RSO IREACHIChS A ==1% e- ——=—=——————~———-————>——"""
4.5e-10 RS SRS B e i beaes Py Wy @ 4 o (D (D,
.............. P., ®, @, ), (1, non hel. TN A
4e-10 | S S L R I Rl | e B R B e e S OEE NS (e
—— P< /B(Z) /B(Z) " /B('Z) /B('2)>, na='1.9 B "B B B
3.5e-10 | Rz 1@ 1@ 4 (2 (2),, non hel. 4e-10 |
3e-10 +
3e-10 ¢
2.5e-10 ¢
2e-10 r
2e-10
1.5e-10 ¢
le-10 |
1le-10 t
S e et e e I I L R I N e TR Iy
0 ] = ‘ ------- ‘ ‘ ‘ ‘ ‘ ; :
10 104D 00 L O el 0SB O DT O e ) S

k (Mpc™)
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SPECTRA PETERMINING THE OPD PARITY CORRELATION

FUNCTIONS FOR AND TENSOR MODES
B=10 nG, ng=-2.9, ny=-1.9 B=10 nG, ng=-2.9, ny=-2.9
ki, kiKpm,

RO fiog oo S1ogRiogRiio; 10° 107 101 10° 10 10° oSG
e —————— =~ Be- 10—
_— P g Mg - g g Np=-1.9 —_— P g Oy ® - 5, (D (D5
.............. P arig@rg® - gD Ng=-1.9 Py @r,@ - (D (D

2.5e-10
1.5e-12 | ]
2e-10 ¢
1e-12 ¢ a 1.5e-10
1e-10 |
5e-13 |
Se-11 |
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TT AND EE ANGULAR POWER SPECTRA FOR
SCALAR,VECTOR AND TENSOR MODES

B=5nG, ng=-2.9, =0 B=5 nG, ng=-2.9, =0
- = - - 10! - =
104 HEsiss Scalar nA_-2_9 {8 B8 Eba e Scalar nA__2_9
--------------- Scalar n,=-1.9 ToliiEsrEs Scalar n,=-1.9
— Vector ny=-2.9 —_— Vector ny,=-2.9
o 57 Vector nA:-]__g 10-1 it S Vector nA:-]__g
R~ Tensor np=-1.9 _— Tensor ny=-2.9 “:’gi fgf Eﬁ,ﬁ,
e — £ ¥
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TE AND BB ANGULAR POWER SPECTRA FOR
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EB AND TB ANGULAR POWER SPECTRA FOR
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COINCILYSICINES

MAGNETIC FIELDPS PRESENT BEFORE DPECOUPLING HAVE
AN EFFECT ON THE ANISOTROPIES OF THE CM®B AND THE

MATTER POWER SPECTRUM.

A HELICAL MAGNETIC FIELD INDUCES PARITY-OPD CROSS
CORRELATIONS BETWEEN THE E- AND B-MODE OF
POLARIZATION (EB) AS WELL AS BETWEEN
TEMPERATURE (T) AND POLARIZATION B-MODE (TB).
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