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& (‘]m‘.‘ll ettects.

& Observations.

Pirsa: 13070007 Page 3/44



Primordial Origin of B
[nflationary origin: Turner & Widrow;

/).f"r'r'.' I.l[';’t‘ ( H]]t‘[‘t‘]lt't‘ \t'lilk‘.

-

Cona: .-|uw'11|;1[i\ e theoretical models (e.g. 10late gauge

ill\(l['.l;lllt‘k‘), Strong t'(HIPIiHJ_’. t‘\l]'t‘]I]k‘I\' \\‘L’({l\ ‘-lt‘lt[.\.

-

Phase trandsition ortgin: A
/}f‘r'r'.‘ }3(1\‘\'{| Ol ]\‘(l%(‘ll(l!)l(' I\.'{l'[il'lt' I]ll.\-\il-\ ]H(H]t‘lf\', l)) I‘It'lt]“;

are strong.

(‘:’H.‘.' .\IILlH \'U]]L‘I't‘l]k‘t‘ \L‘;ll(‘ alt outsedt... [)ll[ llt‘lit‘ii‘\' oY%

k']]il'({li[.\' can make a ditference.
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Magnet 1C m()n()p()[cs 1N

Standard Model
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Magnetic fields from the
./

electroweak phasc transition
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Baryon Num ber Production

baryon #=0 |III|'} (:::::) |Illl'} baryon nllnlwa7£U

A(baryon number) = A(Chern — Simons number)

CS=—= /(1-‘.,-(,_;A. !,,-(u W — -_’—if”,,,.n CWOIN f*) — g?Y") *]

3272
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Baryon Num ber Production

baryon #=0 * O * baryon mlm[)m‘;{()

NS})]H{]L‘I'()H

A(baryon number) = A(Chern — Simons number)

‘.'\"'| " ) o Iy B . ey o L 1% 733 %k
CS = — /(1-*.,-(,_;A. !,,-(u W — f—if(,,,,.n CWOIN f*) —g?Y") *]

3272
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Sphaleron

— l‘[‘l()l‘l()l)()l(‘—ill]liln()l]()l)()lk‘ l)()llll(l state S()Illli()l‘l

lau
Mantol
—. Manton & Klinkhamer
J [V & Field
. ymes & Hindmarsh
e
amateron  0.314 GeV=1 = & 0.0038 GeV |

field space

.\[ll'lillt']‘l!['l

0 I 2 3 " cs
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Sphaleron Decay

l\ nl\'{‘ ”l(llIiL i/.t't]n ( |;1s_\it .'ll (‘1('&'[1‘()\\'(‘&1\' L'nlll;llinlls \\‘il]l I)L‘I‘llil‘klt\‘(l

.-|1]1.|In-[‘un i]li[i.‘l] ( H[I(Ii[i()l].\.
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K\agncli(‘ Ilclicil_\' 1IN S})lmlm‘(m Decay

. A\
Copy, FFerrer, TV & Achucarr

[ . Gal, Garcaia-Belhido, Per & Gronzal \rrovo, 2008

1 T T T T T
."t:.n_. .
\ F====== ——=== 4 ‘
— ,;
v - helicity conserved > H(I) - d"r A-B
e .
2 -] / .o "
e L Helicity is conserved even.
N ~without external plasma.
| | |

b ! i A
2 250
Timestep
1 1
cnergm tarts to leave bHoOXx
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Sphalcr(m dccat\’ - 7

Chu, Dent & T\

A (IL‘(‘il'\’ });1111 for the splm eron 1S known.

Theretore currents can be calculated

Rolling down

up to one function (tlow \'clm‘itl\').

OA# = 4#

Jsphaleron decay

Calculate m;lgnclit hclic‘i(_\' g‘cncr;lli(m ;1|(mg this }){lll]:

H(t) = / d°r A -B

(.\.\_\'lll}l[(lli( ]1t'lit‘il_\' i.\ imlv}wmlt‘[ll ul'[]n\\‘ \'L‘l()(‘ii‘\.]
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Cosmological magnetic helicity
- .’/ 1

Cornwal

Every AB — AH I\
ng

— h~ —#—
QO

Independent of details of electroweak baryogenesis scenario
(“topological’).
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CP Violation

];()Il] l){ll‘_\'()HH il[](l (l[][il)ill:\’()[]tﬁ are })I'()(lll('k‘(l (llll'il]‘_{ l){ll'.\'()‘_i‘k‘l](‘}%i.‘*%

(ll](l (l) \'i()l(lli()ll lli{lh'k‘.‘\‘ ll'{lll.\‘ilil)l].‘% ill I‘él\'(‘l[' l)l.l){llz\'()ll“\'.
(Np—N3p)
~ —————
h I~ —# o

t (Np+Nb)

&

Energy density injected in magnetic helds1s: pp = #

(£ = length scale)

I‘:”l‘l.g‘:\' (l(‘”‘\.il,\' -f"‘\"‘l‘b _+_ .‘"I\"I‘f) 1

. : -
enhancement factor: Ny — Ny (5("13
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CP Violation

];()Il] l){ll‘_\'(‘l[l}% il[]({ (l[][il)ill:\’()[]tﬁ are })I'()(lll('k‘(l (llll'illi{ l){ll'.\'()ii‘k‘l](‘}%i.‘*%

(ll](l (l) \'i()l(lli()ll l)i{lh'k‘.‘\' ll'il[l.\‘i[il)l].‘\' ill |‘£l\'(‘l[' l)lhll.'ll”.\'()llh'.
(Np—Np)
~ e —————
h I~ —# P

t (Np+Nb)

(074

Energy density injected in magnetic helds1s: pp ~ #

(£ = length scale)

I‘:”l‘l.é_']‘..\' (l(‘”‘\.il'\' .r"‘\-':‘b + .a"l\"l‘f) 1

. . -
enhancement factor: Ny — Ny (‘)("l,
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[nverse Cascade

(,ﬁ()l]t‘l'(‘l]('(‘ .\'('illt‘ gl'()\\'.\‘ (lllt,‘ to [ Illl)l)l(‘ (‘KI)([I‘ISi()l‘I

£ll](l INnverse (‘(iS('il(IC.

o n 1l —a R (1—cx)/2
‘S;:(l) é 11'(1 i ' )/
t ti \1; Leq

\\']]L.‘l'(‘ Sllnlllil[]()l].\' S1VE Q=

U

LR A

Kahniashvili, Tevzadze, Brandenburg & Neronon
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Coherence & Field Slrcnglh
Hubble expansion + Inverse cascade: & ~ kpc

Conservation of helicity: h ~ (102! G)? — kpc

~ 10— 2! kpc
CP enhanced: B~ = g( G

{\ﬁ('ll
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Chil’ality 1N Cosmology

v Shaposhnikon

[eft- and |'ig’|1l—|1.‘lmlw| ]h’ll'lik'lt‘s have different weak interactions.

As in Slf(z)[ﬂ-ﬂ X lI(l)h,\'})pl'(‘luu'gv-

.l‘llt‘l] il i.\ })na.\il)]r l|1;ll IIIL‘ lllllnl)u‘l‘ (It‘lhil_\‘ i‘JII]k‘ll-Il{l[l[IL‘(] p;ll‘lin‘lt‘.\ i,\ Nnot
L‘(]ll.’ll 1O lllk‘ Ill][]]ln‘[' (I(‘ll,\ill'\' ()ll [‘iL__'Ill*ll(lIl(It‘[l });ll‘[lll']k‘?*w ill []‘lt‘ L‘{ll'll\' l][li\'t'['hk‘

(l)l'l.lll'k‘ k'[t‘('ll‘(}\\'l.'ill\' ?\'I\'Ill[]]L‘II'I\' I)I‘R‘Jlli.l[\.;hl ).

ln[t‘mllla e it]tlt‘pt'[l{lt'lll t‘|lt'[ni(';1] pn[t'nli(l]_\ l.nl'

left- and 1‘i1:|11-11;111([L'(| [\.’l['li('lt'h.
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Chll"all‘[\f 111 Cosmologv
v Shaposhnikos
].L‘lhl- (l[l(l I'ig’l][-ll(llltlk‘(l ]Nll'[ik'lt‘:-% I]{l\'t‘ (“HL‘I‘(‘H[ \\‘L‘;Lli illlt‘['(lt'li()llﬁ.

As in Slf(z)[ﬂ-ﬂ X lI(l)h,\'})('r('ll;u'gv-

.I‘IIL‘H il i.\ }nmr«.\il)]v l|1.‘ll IIIL‘ lllllnl)u‘]‘ (It‘llail_\' (‘JII]k‘“-Il{HI(IL‘(] p;ll‘li( ll‘.‘*« i,\ not
L‘(]ll.‘ll O lllt‘ Ill][]]ln'[' (I(‘ll,\ill'\' Hll [‘il&lll*ll(lll(lt‘[l });ll'llll']k‘?*w ill []H‘ L‘(l]'ll\' l][li\'t'['hk‘

(I)l'l.ll['k‘ k'[t‘('ll'()\\'L'ilI\' ?\'l\'lll[]]k‘ll:\' I)I‘k‘illi.l[‘.\ihi ).

l]][[‘()(lll( - i[](]k‘[)(‘[l(ll‘lll ('I]t'[]li('(l] [‘J()[L‘Hli({l_\ l.()]'

left- and I'ii:lll-l](llll[t‘(l [).’l['li('lt'h.
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Chiral-M agnetic LHeLt

L- L+ R- R+ Vilenkin, 1980
B

Magnetic moment

\B effect L1 ] 1 spin
,I, T T l Momentum

Electric current

Jyp x [n(e;) — n.((-’j;,)] — [n(eR) — n(e})]

(.\‘ilnil;n‘[\' - the
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Chiral-Magnetic LHGL t

L- L+ R- R+ Vilenkin, 1980
B

Magnetic moment

\B effect L1 ] 1 spin
,I, T T l Momentum

Electric current

Jyp x [n(e;) — n((’;)] — [n(eR) — n((f)]

(Himil;n‘[\' |




Y — B Effect above Electroweak

Pal ,\'\“,‘:|)|v NN1KOY
l‘“’.' al . ll|| \ o\ H'.ll Ii_l‘- I
Chiral unom;ll_\':
diny, —ng) v dh 20y

————=""1| d°2E-B
dt T dt ™V Jv

Maxwell & Ohm & chi-B:

VxB = Jt.()tul
— J()llln + J\B

= oE + QA;.'.(/)B
T
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Chiral MHD

[ashiro, TV & Vilenkin

B=Vx(vxB)+vpV°B+7,Vxw+vV xB

o,

| eA _ww%ﬁp

YD = sy Yw = - y YB = 7
420 220

i

o

d(Ay) cacd [ 1 [ . ‘
— = - — [ = I'rA-B| —-T'rA
T T2 dt 1'./\-( ' s

[nitial conditions: B=0. Therefore ienore advection term.

Rv.‘ls()lml)l(‘ |'(1|‘ some (llll'(lli()!l llml we can (]L'lvl‘minv a })()Hll‘l'i()l'i.
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Chiral MHD

l.l ]!H'\, |.\ X \!|I'III,'.ZII

B=Vx(vxB)+vpV°B+1,Vxw+v5V xB

o,

1 eAp* e A

f\;[) = —— f\;.w‘ — > . ",, B — -

Ao 2740

g

d(Apu) cacd [ 1 [ . ‘
— = ——— — | = I'tA-B| —-T'rA
di T2 di [l'_/\-( ' dha

[nitial conditions: B=0. Therefore ienore advection term.

](k‘(lﬁ()l](ll)l(‘ I.(H' some (llll'(lli()!l ll](ll we Can (]L‘[(‘l’[l]iﬂl‘ d })()Hll‘l'i()l'i.
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Evolution without advection

Ap =10

E(k)

10 semel] (k) at T=10" GeV
--H“\k-,ll I=10" GeV
| |H.[IL'\

- H (k) at
B

0 10 7 10

10

l)t‘iil{ .\']]illl.\‘ O lill'gt‘!' lt‘l]gll‘l .\'('illt‘.\' \\'ill] limv.

Page 25/44
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h

10

10"
10°
10"
10

1"

| Iclicil.\’ & chemical p()lcnlial

10

Ap
A
Al

L‘hil'éllil.\' (]iSSi[)illL‘S “\\'I'()l]\‘.__l‘

0.01 =~ —

10 10 10"

I [GeV]

Au

\LI‘ 1.0 |
A =0l /
\“ 0.01

10° 10

(3]

sig‘n ]wli(‘il‘\'.
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Blazar observations
. No B

- ® With B

CMB

TeV _
EBL
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Blazar observations
. No B

- ® With B

CMB

TeV _
EBL
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Obser‘\.--’atio 1§ al Status

FERMI data gives lower bound of ~107{-16} G inter-galactic B.

Neronov & Vovk, 2010

Further discussion l)‘\' --

Ando & Kusenko, 2010
Neronov, Semikoz, Tinyakov & Tkachev, 2010
Broderick, Chang & Ptrommer, 2011
Minmat1 & |‘;|I\ wv, 2012
Arlen, Vassilev, \\Il'll‘\\.'_’_‘ll'?ﬂ‘['. Wakeley & Shahi, 2012
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CMB Observations

& Kosowsky; Harari, Ha

CMB l“ill'(l(](l‘\' Rotation:
BB, EB correlators: l]n‘mlgll the .\\i”\;.\' Way.

it)i
I
| I fonnd
I RM in rad/m?*
= 0 :
- : - = 5 — - : -
e O I - ¥ ( I i f v ‘-
= | ‘ 3 i, § o -
T10°¢ | Pt R L oo S
= I v I - o 4
. 3 . . .
I . ) 3 ' /
10 .‘1 salaxy [ =1 - 15 & i 7 -
10 ‘!
I
100 1000
|
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lemperature anisotropy
TT (vector contributions).

Useful tor nG HI['L‘II.‘:"I]] B on arge scales {A\\p(').

.\\()['(‘ (l(‘[(lil(‘(l l‘(‘(‘()ll][)il’l(lli()ll \\'illl SIHE[H-S('HI(‘ ll](lg‘l]t‘[i(' [‘l(‘l(lﬁ ol

promising to 0.01 nG.

lamzik, Katalinic, Olinto
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Upper Bounds

Quasars (Faraday rotation), CMB, BBN provide upper bounds.
2 : | Pl

l‘k

Bl'”. = \/ Sﬂ-/)l; l)w":i'-i.w‘.. \I._llld"-.. \ Y l\

Bll\l])(- 5 1 IIG

...from several different observables.
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Current Bounds

'*c<B<107? G

Would like Sl)(.‘(‘ll'ill information im‘lu(ling lwlicil.\'.
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Current Bounds

'*c<B<107? G

Would like spm‘ll‘;ll information im‘lu(ling lw[ia‘il.\:
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Helicity spectrum

L &

Related to the Iinliing and l\\'isling

()l' m;lgncli(‘ li(.‘](l ]inus.

Direct measures should pr()[)c the magnetic field in 3D.

€.g. COSmIC rays Kahniashvili & T\

r - \ i I - !l“lll- . !l.
(B! (k)B; (k")) = (2m)°6”(k — k') Kn” }_;) S(k) + i€ ;f.l(!.‘}

lmlix‘c(‘l measures can LlliliZL‘ llm ulll'u‘l ()l' ]wlin‘il.\' on

magnetic field evolution.
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Helicity spectrum

L.

Related to the Iinliing and l\\'isling

()l' m;lgncli(‘ li(.‘](l ]incs.

Direct measures should pr()[)c the magnetic field in 3D.

L‘.g\'. COSIMIC ravs Kahnmashvili & T\

!l“lll-f

(B} (k)B;(k')) = (2m)*5%(k k’}Kn‘,; 12

ll.
)'H'(/'.) i 'r-r,'ﬂ ;J’l(!‘}

Indirect measures can utilize the attect of ]wlin‘il_\' on

magnetic field evolution.
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Helicity spectrum

L &

Related to the Iinliing and l\\'isling_‘

()l' m;lgncli(‘ li(.‘](l ]incs.

Direct measures should p]‘()[)C the magnetic field in 3D.
L‘L’\ (()\[]‘]IL I‘(l\\\ Kahmashvili & T\
| - v

- : . 3 o3 : kik .k
(B} (k)B;(k")) = (2m)°6°(k — k) Kn” ,]’) S(k) + i€;ji f.l(/.»}

k= !

ln(lix‘c(‘l measures can LlliliZL‘ llm ulll'u‘l ()l' ]mli(‘il.\' on

magnetic field evolution.
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Spectrum of B from blazars
|

Tashiro & T\
yar .
D. LI"‘NI Yy
.l‘l
])lu\' . D i‘l F
9 .
R
A 9 e
» e

Blazar D. Ty Ly Observer

0, ~ tew degrees

Drev ~ 100 Mpe, D, ~ 30 kpe, D, ~ 1 Gpc
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Spectrum of B from blazars

Tashiro & T\
"
1) I"'ﬂ P .i'"l
.|"L
!)lu\' . D ‘1| A
7 .
YRR PN
.’ ) (.
» (-
Blazar D. Ty Ly Observer
0; ~ few degrees

Drev ~ 100 Mpe, D, ~ 30 kpe, D, ~ 1 Gpc
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Spectrum of B from blazars
|

Tashiro & T\
a4
1) I"'ﬂ P _c}
.|"L
!)lu\' . D ‘1| A
(7] .
RS
.’ ) 0.
» Cpe
Blazar D. LLi TLf Observer
0; ~ few degrees

Drev ~ 100 Mpe, D, ~ 30 kpe, D, ~ 1 Gpc
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B-Correlators

. .l|1
B! I | ) ‘|1 Vl
o, |||‘
S
{)11.‘"
D« 7
IL\‘I . ) (_)l
et B(x) ttttee., (-)‘:\/.'.'.
.’ﬁ [)lu\z I CTT
Blazar D. Observer

) )

p . . riry riry l
(Bi(x +1)B;(x)) = Mx(r) [n,, f !—} b ML(r) 5+ Mg (r)eigir',
My (|ria]) = 26(O(E,) - ©(Es)) |

l',l. |!‘,‘,-__-!):’
¢ Drevi DrevaDey Do

A

My (Jriz]) = =~ (O(E1) x O(E,) - X)

Il
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B-Correlators

: 1
B(x) . %‘1'”
)
o N e, it
- )11.‘“
- { o)
Dy ’ 7
eV
LK 9,
ettt By Tt & [ ..
."' l)lu\  J A Y e oLt
Blazar D. Observer

/ . . riry riry l
5\1;,(){ T 1‘)[));()(),:’ .\l.\'(f'] [ad} - —)} + \IL(',)_‘,__) - ,\[”(i’)f,”f' 3

re

\/\(‘!1_)') — .lh(\("')( [',‘1) : ("')(L_)]) _
l',l. |!‘,‘,-__-!):’
€= Drevi Drevae Doy Deg

A

2¢

" (O(E)) x O(E) - X)

2

My (|ria)) =
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Conclusions

& l!:_’]li connection ln‘l\\'vv]l I)(l['\ Ogenesis and

magnetrogenesis.

& ll\|l|‘~ [(N]{t.\' Cdll l](i\'t‘ ”I.I]Et"l‘l‘\'[il]\'___‘” AIH[’Ii[lli]t‘ OTIl

;tsl]'m[i]ll\'r\it‘;il \L‘;IIL’.\.

S l)['mln‘l'lit‘.\ ol cosmic |11‘|;_:nv[im' helds can be a window to
lli_‘;']l energy ]h’tl'[it'lt‘ ]llll\'\'i\]\ and the v;u‘ll\' universe.
& eV o

amma rays, COSMIC rays, and CMB can detect
|n‘imn|‘t|i.‘t| m.w:':nvtiw fields and characterize their

}\l‘(l[)l‘l‘l it‘\'.
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