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Abstract: | will present a novel method for probing extremely weak large-scale magnetic fields in the intergalactic medium prior to the epoch of
reionization. This method relies on the effect of spin alignment of hydrogen atoms in a cosmological setting, and on the effect of magnetic
precession of the atoms on the statistics of the 21&€* cm brightnessa€” temperature fluctuations. It isintrinsically sensitive to magnetic fields weaker
than 10"{-19} Gauss in physical units, and thus has a potential to reach many orders of magnitude below the current constraints on primordial
magnetic fields. | will discuss the physical mechanism, lay out the estimator formalism that enables searches with future 21-cm tomographic
surveys, and present forecasts for detecting magnetic fields in the high-redshift universe using this method.
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Why PMFs2

< MFs are ubiguitous.
< Origin of seed fields?

< PMFs = new window into physics of the
early universe.

< Predictions:; 1030-10'1° G

credits: ESA/Planck Collaboration
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Current constraints

v CMB spectral distortions:
COBE/FIRAS <4nG [Kunze & Komatsu, 2013]

v. CMB anisotropies:
Planck <5nG [Planck 2015 results. XIX.]

v Large scale structure:
Lyman-a forest, halo abundance, 1SZ <1.5-4.5nG [Kahniashvili et al, 2013]

v’ Blazar observations:
Fields in local voids >10°'> G [Neronov & Vovk, 2010]
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This work

New method that proposes the use of 21-cm
tomography to probe miniscule-strength large-
scale magnetic fields directly in the high-z IGM.
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This work

New method that proposes the use of 21-cm
tomography to probe miniscule-strength large-
scale magnetic fields directly in the high-z IGM.

Can reach B<10-2! Gauss comoving!

[1410.2250 & 1604.0632/]
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Outline

» 21-cm tomography

» Hypertine structure of hydrogen and magnetic fields
» Part |: Microphysics

» Part II: Estimator for magnetic field

» Sensitivity forecasts
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21-cm fomography
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21-cm fomography

Many low-v radio arrays are under construction
to perform the first 21-cm tomography surveys:
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Hyperfine structure Iin the presence of B

pio e =0 A

I B< AE,,_,.{

F=1

1s

il F=0

Triplet has a net magnetic moment
Zeeman splitting and precession
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Ground state unpolarized

|

Isotropic bath of 21cm radiation
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Ground state alignment

Quadrupolar anisotropy
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Spin alignment in inhomogeneous universe

I cold
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Precession in an external magnetic field
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Back of the envelope...
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Saturation limit:
0, ~1

U ﬁ
B < 107" Gauss
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Part |: Microphysics

v’ Standard calculation keeps track only of the singlet and
the total triplet population, to obtain spin temperature:

Ry

= 367(1&1.’!(’/7:5.
nl*':()

TS < T(.'MB (Absorption)

TS > T(.'MB (Emission)

v' To describe precession, need to keep track of the entire
atomic density matrix (including the off diagonal terms)
and track coupled evolution of 21-cm radiation’s phase-
space density matrix and atomic density matrix.
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Include:

v’ Radiative
tfransitions

v Atomic
collisions

v Lyman-o
pumping

v Magnetic
fields

Part |: Microphysics

- T L + 2 L2
T(n, k)= (1- =) 2y
(7o) ( ’1;)“"‘( 10 )
i r[r
{ ( k n) )(5(!;:)} —0.128 mK (;ﬁ)
( — ) 1 |-2(1-| (k - 1)’ )(5(!‘)

Z_ﬂ Yzm(k) [Y'Zm(ﬁ)]* }
15 = 5 1+ x4 (2) + Z¢,(2) — tMIB

'Z() 4 mK

Venumadhay, Oklopcic, VG, et al (2014)
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Include:

v’ Radiative
tfransitions

v Atomic
collisions

v Lyman-o
pumping

v' Magnetic
fields

Part |: Microphysics

Spin temperature CMB temperature

{4+ 2\ /2
T(n, k T1s
TS ( L0 )
o
26.4 mK{ ( n) ) (5(!;:)} —0.128 mK r

( - ) 1 |z 1 + (k- B)’ )(s(a)

4 YEH?(E) [YZ'm,(ﬁ)]* }
15 > 5 1 v ma

m i 'I"h(z) a 'I’c:,(jz) — 1Mmrpy

Venumadhay, Oklopcic, VG, et al (2014)
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Include:

v’ Radiative
tfransitions

v Atomic
collisions

v Lyman-o
pumping

v' Magnetic
fields

Part |: Microphysics

L T AN
T(m, k)= (1- =L | @1
(Ill) ( ,[L) Ilr«( 10 )
: " e
{ ( 1)3) (5(1;:)} —0.128 mK (%)
( 0 ) L3 Z + (k- 1) )h(l‘)

4 Yzm(ﬁ) [YZ?H«(ﬁ)]*
: 15 ZT)I z ma }

m i 'I"h(z) a 'I’(:,(Q) — 1Mmrpy

'Z() 4 mK

Rates of depolarization/precession

Venumadhay, Oklopcic, VG, et al (2014)
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Include:

v Radiative
tfransitions

v Atomic
collisions

v Lyman-o
pumping

v' Magnetic
fields

Part |: Microphysics

- T l + 2 L2
T(n, k)= (1- =) 2y,
(7)) ( ’1;)“"‘( 10 )
i r[r
{ ( k n) )(5(!;:)} —0.128 mK (ﬁ)
( — ) 1 |-2(1-| (k - f) )(5(1‘)

Z_E Yzm(k) [Y‘Zrn(ﬁ)]* }
15 = 5 1+ x4 (2) + Ze,(2) — UMIB

'Z() 4 mK

Venumadhayv, Oklopcic, VG, et al (2014)
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Part |: Microphysics

o i, ez
T(n, k) = (] = i_j) X1 (T)
90 - ™ A2 . ': ¢ , iﬁ‘t
X [2(), | |1|l\{] + (l ar (k : ") ) ‘\)('t")} - 0.128 mK (]‘\
L + 2 ! S CSON
X1 ( I(}) {] 180) (] + (k- n) )(S(A:)

_8E) s~ dn Yo () (o (B)] }}

L5

| -4 >
O 1L4x. (0 + Tp (9y — iMNT
o F T, (2) + T (2) B

<'1;.(/’.-')’;;,*(k.-")> (27)38p (K — k') PS (k)

G(k) = = (k,0 = 0) TS(A;) = G(k)d(k) = (27)30p (k — k') G2 (k) Ps (k)

To evaluate these expressions, need:
v Spin temperature

v IGM kinetic temperature € 21CMFAST
v Lyman-« flux evolution
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Saturation =——>

no magnetic field

10~2! Gauss
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VG et al (2016)
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Part Il; Estimator formalism

<-Homogenous MF infroduces a preferred
direction (anisotropy).

< Stochastic MF produces correlation between
Fourier modes (statistical anisotropy).

VG et al (2016)
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2o e Esminmo o romnnmallisn

unknown ————>  B(z) = By(l + 2)°

observable —> T(7) = T5(7) + TV (7)

T8

]-b'(,ﬁ) = !I;) ( ") + Bo (7)(”3“ )
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VG et al (2016)
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P e Esmnmo o romnnmallsn

<f/‘(z¥)f/'*(1?;f)> = (27)30p (k — K'Y Poun(B) + Bo(k — &)

oG ~ OG} i 1

Ps(k")Go(K ) =2 (K') + Ps(k)Go(k)-
< [PR)GHR) Z50 (/) + Pa(Ga(R) 50

Quadratic estimator (model-independent):

A4 ) = (i) .
y (9= P (kNG (k) 2CGa (! 2 (VA (1) 290 (1 K=k-k
f‘(’i’ )('(l(k )f)[;” (k ) + [,\'(li,)(:(](k) a0 (k) : j

MVQE variance (noise power spectrum):

~ ~ ~ s 2
Y a6 0o oG
(l{s(k:’)(”ﬁ(k’)—u{.))‘;h (K') + Ps(k)Go(k) 57> (k))

2(27)3 Pount (k) Paun (k')

oo\ —1 o
(l’,‘r}:,"r_(l\”)) — /k:zrﬁa: sin 0 d0 . doy,

VG et al (2016)
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Sensitivity forecasts

Assume:

« Consider two cases: a uniform and a oy
field with SI power spectrum. o

« Reasonable reionization history.

* Noise from galactic foreground:
7'.\1\-_\- = [()2 l(] + Z) ]2.55

+  Experiment = array of dipoles in a
compact grid configuration

10

+ Observe z=15-25, FOV=1 sr, integration il 5 -
time = 3 years e 3 (1020) §
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Forecasts: results
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VG et al (2016)
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Saturation =——>

no magnetic field
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VG et al (2016)
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Forecasts: results

Saturation +=» 10—F—F——T——7T——T—T—T—T—
- | e | e e | cOMpPact
1 | grid of
1 | dipoles
1 FZ=16=25
M —
FOV=1 sr
10 I_‘ 1 | 3years
e
No MF o P R Y B S S T T W)
Maximum array baseline [km]
VG et al (2016) P5(k) = (1 - &)PS(k, B = 0) + £P5(k, B — o)
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Summary

v Exquisitely sensitive new probe of large-scale
magnetic fields in the pre-reionization IGM.

v' Array of dipoles with ~a square kilometer collecting
area can reach 1-sigma sensitivity to 104! Gauss
comoving ~ 10 oom below CMB constraints!
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