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Baryogenesis “by-products™

Among the outstanding problems in modern cosmology (dark matter, dark
energy, inflation, baryogenesis) ... the matter / anti-matter asymmetry is
uniquely challenging, because we only know one number (ng/s = 10-19)!

Therefore it is compelling to study models with “secondary predictions” that
we can test in the lab (e.g., EWBG tested by collider observables & EDMs).

However, the physics of baryogenesis may not within reach of terrestrial
experiments (e.g., Affleck-Dine, GUT baryogenesis, high-scale leptogenesis).

In this case, we may still probe the origin of the matter / anti-matter
asymmetry through observations of baryogenesis “by-products”.

Baryogenesis requires a departure from thermal equilibrium (Sakharov), and
such conditions may create additional cosmological relics (e.g., gravity waves
and topological defects) or the OOE conditions may be provided by other
relics (e.g., primordial black holes and primordial magnetic fields).

If we could observe these other relics (spectra), we would gain a new handle
on the origin of the matter / anti-matter asymmetry (more numbers) .
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i
In the primordial plasma, at temperatures above the scale of electroweak symmetry breaking, the presence equation

of chiral asymmetries is expected to induce the development of helical hypermagnetic fields through the

phenomenon of chiral plasma instability. It results in magnetohydrodynamic turbulence due to the high

conductivity and low viscosity and sources gravitational waves that survive in the universe today as a stochastic

polarized gravitational wave background. In this article, we show that this scenario only relies on Standard

Model physics, and therefore the observable signatures, namely the relic magnetic field and gravitational Chiral g rav-wave
background, are linked to a single parameter controlling the initial chiral asymmetry. We estimate the magnetic

field and gravitational wave spectra, and validate these estimates with 3D numerical simulations.

DOI: 10.1103/PhysRevD.109.043534
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where I'm going with this:

chiral asymmetry

is erased before viable window
magnetogenesis
10_3 10_2 ) (‘II]/Y,5 /T)CPI
70 TeV 7000 TeV > Tonys.cm ¢ (|fiv.s]/T)cw
- 1/3
7x 10716 G 1 %107 G > Bohys0 < (|fiv,s]/T)en
> oo (I yL/3
9 x 107* pc 2 x 1077 pc M phys,0 X ([y,5]/T)cei
i N N
7 %1073 7 % 10-33 > Qawh o (|2v.sl/T)en
X X
> fGW,O X (‘:&‘Y,E)‘/T)CPI
" 0.1 MHz 1 MHz y

very high-frequency and very weak - not detectable
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the electroweak plasma
& particle asymmetries



The electroweak plasma

We're thinking about the primordial plasma before the electroweak epoch.

FRW spacetime (homo / iso) at the electroweak epoch:
(ds)* = a(t)*[(dt)* — |dz/|?] Tonys.ow = 100 GeV
H(t) = -5 Sa(t)

—1/5
tohys.ow (2.3 x 10~ H sec) (109575)

R-dominated
2

_1/3
us ~ —16 *
E(t) = T g.p(t) T(t)* Gew = (7.8 X 1071 a9) 1507 )

—1/s
dH phys,ew (1'4 cm) (10“(({;75)

comoving entropy constant

2 2
s(t) = 45 9xs(OT(1)° = %5 gus,0Ty
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Particle content of the universe

The Standard Model of the field content
Elementary Particles
electroweak unbroken phase Q= ur\ (3.2, 1)
@) =0 o\ o
< >i_ ur ~ (3,1, 43)
mass(W=,7Z) =0 dn~ (3,1, —2)
mass(quarks, leptons) = 0 y
L= ( L) ~ (1,2, -1)
€L
er~ (1,1, —2)
gauge theory G~ (8,1,0)
_ SU@3). x SU(2)r x U(1)y W~ (1,3,0)
QUARKS @ LEPTONS @ BOSONS @ HIGGS BOSON B N (1’ 17 O)
®~(1,2,1)

grav waves from chiral plasma instability Andrew Long (Rice University)



Particle asymmetries

All of the SM particles interact (scatter, decay, inverse-decay) & maintain thermal equilibrium

momentum distribution number density (for small p;)
d3
dn(t) = gi === fi(p, 1) o [SRT 4 LT 1 02T
((277') le( )—gz QQTS—I—iM'TQ—I—O(MzT)
(e[Ez'(t>—Mi(t)]/T(t) _ 1)_1 4 2 1217 i

fi(p’ t) =) (e[Ei(t)—Mi(t)]/T(t) 4 1)_1

if pair annihilation & production
are in thermal equilibrium:

Ei(t) = \/IpI? + a(t)?m? Wi = — i

particle asymmetries

Ani(t) = g, {%“ZTZ +O0nT)

\

s T? + O3 T)
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Standard Model Boltzmann Equations w/ Anomalous Sources

dn¢+
dr

d?’]¢0
dx

dﬂw+
dr

Ng ij N j ij M j
; N ij _ Yohu (i Mgt T i — Vohu (g | M0 ug
= —Siow = D_(Scha + Sth Ouvu + 8Uhd> Ss,sph ~ 5 Swsph Sohu = 7 (kdiL ke ) + S = 7 (ku ko ks ) ’
Jj=1 R B R
y My Mgt v Ma mgo
Y i Yuohd (v Mgt dgp ij — 'bhd (%L _ gt ldR
+ ( CyQL Shke + Sbkg + N, QL Sbkg> Siha 2 (kuiL kyr K &, ) v Sohd 9 ( kdiL ka0 kd{,.‘,) )
Ng g Ly M4 g oo o M
: N, Sii = Jvhe (Vi _ Tlet  Ten S = Jehe (e, "0 e
= SIZJDW — Z (Sth + S + SDhu) - Ss,sph - TCSW,Sph 2 (szL k'¢+ keﬁ) ’ £he 2 (k'eiL k¢0 ke%) ’
j=1
bk bk YQu bk i Ty Ndi
+ < cy QLS £+ CSwg_NCTLSng> Stow = Yoow #_#_ L
u’ dy w+
1 . .
2 cbk bk YL, obk . , 7, 1.
Siow - Z Sthe ~ gSwapn  (uE, 8P + 50 + BL8) R (AL 1
k,jz keiL kyw+
Ng Mgt Mg Twt
~ N n St = Tt T
— S;EW — Z (‘SI;Jhe Sé%) — _SW,Sph + (yLLSbkg + Sbkg L S}?&ég) hhw = Yhhw k¢+ k¢o -
=1 2 2
Ny ) . S %g: T, | Ty Ty T
= Z (Sﬁm + Sl + Sg)im) + Ss.sph — NcyuRS g s,sph = Vs,sph ek ke kg )
j=1 I =1 L L R R
Ng N nu Nc 77d1 1 77;#' 1 nei
. . g Sw.sph = Yaw-sph L L v + ey,
bk W W
(Sl S Sha) + Suapn — Ve SP = Z S T2k T3k, T2k,
j=1
e My
Ng S = AU L R
bk Uu—'YUu(ki k_)a
= (She + St + Sl ) — v, S0k L
1 a, 1 —_ ij ] L jit
bk = _
s w Lo Lo | [sheh (1)
1 j 1j L R
= — Shhw + ShW + Z ( SDhu + SUhd + Syhe) bkg 1 1 Olyy ]. :U'VPUW i ii 7761» 776]'
bj=1 W sT 24w 2 re Sie = Eje( L R) )
N kg _ L 99'/4T AR TERY he e
ij SO = — mery M3 ) .
= Shhw — Sh + Z ( Sé]hu Sghd Sé%e) sT 4x € { W>< PU> Siw = Yo Net+— Nw+
.7]‘_1 k¢+ kW+
yrs —
) Sh ="My — -
= ( Sphw + Shw Z S[ZJDW + S,Z/EW k¢o
xTr =

n/s

T/H ~

My /T

k = # degree of freedom



The special role of eg

How does the asymmetry between er and ebarg evolve?

The hypercharge interaction does not change the eg asymmetry
€R B,

€R €R

éR ) B'LL

But the Yukawa interactions do create / annihilate eg

CL

i — Can we “store” a chiral asymmetry in egr?
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Chiral charge erasure

The approximately conserved charges tend to be erased over time.

The limiting factor is the right-chiral electron, since it has y. ~ 3 * 10°,

chiral charge evolution chiral-erasure epoch
d
ditter(t) = =T (t) peg (2) —
e : Tonys,s ~ (80 TeV) (10%;75)
interaction rate . 1/2
~ —l %
Te(t) ~ (1.3 x 1072)y2T(t) tohys,f = (3.7 X 107" sec) (10%.75)
1/6
an exponential decay: ar = (9-7 x 107 CLO) (10%".‘75)
t
L B / / _ 12
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key message thus far

There might be a primordial chiral asymmetry (e.g., er > ebarg).

Yukawa interactions will erase the asymmetry once
the plasma temperature drops to ~ 80 TeV.

If we want to do something fun with the chiral asymmetry,
we need to finish before T = 80 TeV
(or continue to source the asymmetry later)
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magnetic field evolution
& chiral magnetic effect



A hypermagnetic field

Where can we add magnetic fields to our primordial plasma?
(for T > 100 GeV electroweak unbroken phase)

(1) electromagnetism is in here: A, = cosOw By, + sinfw W,

)
( \

gauge interactions: | SU(3). X SU(Q)L) X \U(l)y}
| |
(2) but non-Abelian (3) so the only place for long-range
magnetic fields coherent magnetic fields is here

are screened
at finite temperature By (n,x) and Ey(n,z)

2
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Evolution of hypermagnetic fields

How do hypermagnetic fields evolve in the primordial plasma?

constitutive relation

Jy = oy (Ey +v X By) + 2ayuy;s By
\ J

hyper-Maxwell equations

V.- Ey = py \ | ; |
V x Ey = —%By Ohm'’s Law chiral magnetic
V. By =0 effect (CME)

V x By = Jy + 2 Ey

fine structure constant
ay = g% /47 ~ 1/100
continuity equation conductivity magnetic diffusivity

Loy +V Iy =0 oy ~T/ay =100  ny =1/oy ~ 0.017*
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Chiral magnetic effect

First studied for a relativistic electron-positron plasma in QED.
CME = in the presence of a chiral asymmetry, a magnetic field induces an electric current.

From the symmetry perspective, the CME could be correct.

J x usB
mass dimensions: v

parity properties: v

J = vector = P-odd
B = axial-vector = P-even
m. = scalar = P-even
s = pseudo-scalar = P-odd
s X [# R—chiral] — [# L—chiral]
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Semiclassical understanding

Consider, applying a B-field to a collection of (relativistic) electrons & positrons.

The magnetic dipole moment p ~ gS wants to align with B ... the Hamiltonianis: H = —u - B

without chiral asymmetry

applied B

—————————y  induced J
et em s
L e
e e —
el ~—up-e 4
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Semiclassical understanding

Consider, applying a B-field to a collection of relativistic electrons & positrons.

The magnetic dipole moment p ~ gS wants to align with B ... the Hamiltonianis: H = —u - B

without chiral asymmetry with chiral asymmetry

applied B applied B

———————————>y induced J ——————————————p induced J

QE '—S»'p;’p ) more eE o ‘
€L o 4 o o ¢—
ep —@e m—) S €y —)
el «—mp-o o st gt iy .

implies: J o ¢* 15 B
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CME recap

CME = in the presence of a chiral asymmetry, a magnetic field induces an electric current.

for electromagnetism: J — 204“5 B
7T

for hypercharge: Jy = 2ay Ly 5By
T Y

pys(t) = > gieYp(t)

particles

e; = £1 for R- and L-chiral particles

Y, = hypercharge of particle species ¢
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magnetogenesis
via chiral plasma instability



Linearized field equations

Combining the hyper-Maxwell equations (and neglecting velocity v)

0= By —nyV*By — Zayny py,sV X By

Move to Fourier space (and assume homogenous pnys).

Circular polarization modes decouple

0=ByY +ny (k2 — sgn(py,s) kCPIk) By,

0= B+ ny (K + sen(uuy.s) kenk) BY)

2
where ke = ~ QY |,UY,5

Depending on the sign of uys, one mode or the other can be unstable.
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Chiral plasma instability

Explore the dependence on wavenumber

modes with k > kcpr are decaying (Ohmic dissipation)
Fice/2 - modes with k < kcpr have a tachyonic instability
| - modes with k = kcp; /2 grow fastest

R
_k(QjPI/4 -T—- B§/,k) (t) X eXp [%nYk(szIt}

typically kcpr is deep inside the horizon

CPI = tachyonic growth of a helical magnetic field due to the CME
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Helicity saturation

Since either the R- or L-polarized modes grow, the resultant magnetic field is helical.

As the helicity grows, the chiral asyrnmetry is depleted:

- 4 Y404 0 _l

The exponential growth must saturate when the initial asymmetry is “used up’

helicity density: HM,CPI ~ CPI
coherence length: fM,CPI ~ 27T/(kcpl/2)
field strength: Bepr & \/HM,cpl/fM,cPI

using
nys = %MY,STZ

(We will validate these estimates using MHD simulations.) )
YY = —4Ey - By =442 (Ay - By) + -
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Magnetogenesis

Typical scales

( ;

12 o —1\(_g S gy N pvsl/T T

dp i > (2.5 % 10™ cm ag )(10575) (0.0lT—l) ( 10-3 )
~ 5 —1 s 3 lpy,51/T !

EM e (5'0 x 107 cm ay ) 106.75 10-3

If pys/ T >~ 103 then the CPI develops before chiral charge erasure.
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Inverse cascade

A maximally-helical field co-evolves with the plasma subject to the turbulent inverse-cascade:

; 13 ; 2/3
Bo = Bcpi (trec> and fB,O — €B,CPI< rec) so Hp.o=HB.cr

CPI tCPI

The field today is expected to be
/9 /3 1/3
Enphys.0 = (95X 107" pe) (109575) (0.023:;—1) ('“fé"’_lgT)

_ —5/0 R T\ 7/
Bonys.o ~ (6.6 x 10716 G)(lo%f75) (O_OQ’Tl) ('“;’65'5 )
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IGMF parameter space

107°
» 1077
= \
g 107° . excluded
© 4o « _DYEMB
f 10—10
> 4n-11
10
§ -12 N ~
= 1077 N
Z 10713 S
C ~
) -|0—14I ~
=2 1077 6\ﬁ‘o) probed by
)
ic 107" © constrained by mfe_?_sg/rgnents
1()-17I /' blazar spectra of 1eV blazars |
| ya (absence of cascade)

10°° 107* 1072 107 10% 10* 10° 10® 10"
Coherence length, today : Ag (pc)

The relic of the
primordial magnetic field
is an intergalactic
magnetic field today

1/3
EM phys,0 == (9.5 x 10™* pc) (Wﬂ);j?{”f)

1/3
Bphys,0 ~ (6.6 x 107'° G) (%)

* too weak to explain blazars
* too weak to seed galactic B-field
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grav-wave generation
& stochastic GW background



Einstein’s equation

The primordial magnetic field sources gravitational wave radiation

G = 8rGT),,
atthj — VQhZ'j = 167TGT7;]'
1;; ~ B;B; (transverse / traceless part)

ggw — <8th238thzj>/(327rG)

h~ (GB?)/€°
Egw ~ 212G ~ GE? B

parametrically:

Andrew LOl’lg (Rice University)
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GW estimates

At the time of production

fgW»CPI ™~ 2/€M CPI there’s a 2 because the source
4 is quadratic in the field
ggW7CPI ~ (G/Qﬂ-)aCPI M, CPIBCPI d

Frequency and cosmological energy fraction of stochastic GW today:

fawphyso = (1% 10° Hz) (12lT)

(22 hz) = (7 X 10_39) (U_Y)Q(Iuy,sl/T)G
gwit /0 0.017—1 10-5

The GW signal is high-frequency and very low amplitude (even for pys/T = 1)
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Searches for high-freq grav waves

10 magnon
]l_ }] SOURCES LEGEND
g BBN bound
-15¢ < |l
= 2 - | Inflation (extra-species) ( 5 |,UY 5 / T
% T |l = (1 x 10 HZ) —
A 2 g | Inflation (effective field theory) Jew.0 10—3
|_| | B °<‘ Inflation (scalar perturbations) 5 39 | 1 / T 6
of= 3 _ - Y,5
=5 IS Preheating (ngh )O — <7 x 10 ) ( 10—3 )
2 Q Oscillons
Q = 2 | 45\ ( | %
& % |==—"Phase transitions hc — (1 X 10_ ) Mf(f .
\"u - N
= (Cosmic strings
Metastable strings
Gauge textures
2 . . " Je— Cosmic gravitational
° P 4 10 1 20 microwave background
& log,o(f/Hz) & .
RYVAG using
X 212
A’OC\ /, Q — Us f h c
W AGE
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numerical validation
with PENCIL CODE sims



MHD equations + CME

magnetic diffusivity 7}

Fully nonlinear system of equations kinematic viscosity ¥
OA B B_J chiral diffusion coeff. Dpg
= — _ 5
o s ) (5) rescaled chem. pot. U5
% = -V (usu) — M(usB — J) - B + DsV?pus, (6) chiral depletion param. )\
Du 2 1 Uu

Uu 3
——[u-(J x B)+nJ*] + —J x B, 7
p - ( ) +nd* 1 (7)
Olnp 4
5 — 3(V-utu-Vinp) PENCIL CODE
1 parallelized
= [u- B 2 . .
+p [w- (T < B) +nJ7], Q 6th order finite differences
_ 3rd order time-stepping
SZJ - (a? Ui T @uj)/Z 5Z=7V u/3 10243 mesh points
02 6 H, ~ initially: weak seed field,

@E”X(k,t) +E?hy (K t) =

tEe. Ty yx (k. 1), vanishing plasma velocity,
homogenous chem. pot.
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Parameters

Dynamic range issues prevent studying the “expected” parameters.

(gcr>\)1/2/H* ,U5O/H*

Run nH. Uy Ux nuso/He ki/H. EF™/Ecx E&w/Eer q
Bl 1x107% 2 x10* 10% 1x 1072 5x 1071 1x10% 1x10% 1.6x1072 4.7x 1072 0.027
B10 1x107? 2 x 10% 10* 1 x 10* 5x 1071 1x10° 1x10* 6.0x107% 6.0x 107" 12
Al 1x107%  5x10* 10* 1x1072 2x 107 1x10% 1x10® 46x1072 89x 107 0.032
Al12  5x107%  5x10% 10* 5 x 10t 2x107' 5x10° 5x 10" 9.2x107° 3.0x10"* 18
X1 5x107® 1010 10° 5x 1072 1x107% 5x10* 5x10° 24x107% 88x1073 0.39
X2 5x107? 100 10° 5x 1073 1x107% 5x10%° 5x10° 24x1072? 1.6x1073° 0.53
X3 5x1071° 1010 10° 5x 107* 1x107% 5x10% 5x10° 24x107° 1.1x107%° 0.44
X4 5x107 1010 10° 5x107° 1x107% 5x10" 5x10° 23x1072 3.1x1073" 0.12
Y1 5x107% 7x10' 10° 5x 102 1x107% 5x10* 5x10® 49x107" 36x107%® 0.39
Y2 5x107%  7x 10" 10° 5x 1072 1x107% 5x10* 2x10% 44x107* 32x107°%" 1.3
Y3 5x107% 7 x 10" 10° 5x 1072 1x107% 5x10* 1x10° 3.3x1072 69x1073 25
expected 107 ®n,  6x 102 5 x107u3 6 x 10 ®napus 8 x 10 %us  3n2pu3 —  6x107ud Tx 10703 —
Uy — H507] HU50 = 204Y/2iY,5/27T Tl = ny/(o.()lT 1)
_ ~ —3
Uy = M50/(5cr)\)1/2 A= 1920y /T M3 = MY,5/(1O T)

Ds=v=n=1/c

Andrew LOl’lg (Rice University)
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Spectra for PMF and GWs

tH, = 5.37 (green-dashed)
tH, = 3.66 (blue-dashed)
tH, = 2.98 (solid)

tH, = 2.71 (orange-dot)
tH, = 2.56 (red-dot)

tH, = 2.41 (black-dot)

7
C-
o]
><_
N

[ 8CI'/H*]

1 0—20

10—30

and Fgy(k,t)

/

107 ——=7" VV

Ey(k,t)

|

inverse cascade

NB :

&y
= .
VN
————— e ek
N—"

Egy(k.)

B [
C N Lons T 2t AN NAT A SRRt
L \
/
R Goes i,

llllllllll

-
o
r

3

10°
k/H,

kCPI/QH 1 06

3 3
2 rate) = % Soraty

Eu(@,t) = HIB@ P = [ — [ak B

= dgM/dlnk

* mag energy grows at kcp/2
« GW energy grows while mag energy grows

* mag energy reaches maximum and GW
energy spectrum saturates (solid curves)

* subsequently mag energy evolves with the
inverse cascade scaling (expected for helical):

Boxt 3 so SMoct_2/3
fMOCt2/3 SO ]CMOCt_2/3

EM ~ gM/kM OCtO

* resultant GW energy spectrum is blue-tilted

T = kEaw o k'

(kS ken)

* (scaling should extend down to kjg~H)
* (most energy at kyy~kcp)
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Comparision w/ previous studies

Earlier work studied GW from
CME at the EW epoch, assuming

no chiral asymmetry washout
(see Run Series A & B)

o/'
-

ot

We explore parameters that are
closer to the expectation for early

universe cosmology at T > 80 TeV
(see Run Series X and Y)

Q) 7
e
ek
these sims 9,’/%/

Main difference is the choice of
magnetic diffusivity: ny.
(see the table on prev. slide)

X4o @.e%/x 1
Y3 7

N
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

—40 For those parameters, the GW
10 e I L L signal is found to be weaker.

\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Scaling with v;° v, from earlier
work, confirmed over wider range.
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B-number overproduction
& an upper bound on pys



Sourcing baryon number

Varying hypermagnetic helicity sources B and L-number

92 _ 9/2 B
VA VA a a

g/2 )
hB:’r‘LL:—34—ﬂ_2HY—|—'“

At the EW crossover, there is a change in helicity when the By field converts to By,

= this could explain the matter/antimatter asymmetry!
= but it would be a problem if too many baryons are created
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(B+L) washout is avoided

basic idea: T.LB — _Fsphaleron ng + Shelicity |:> ng ~ Shelicity / Fsphaleron

time evolution
Temperature: T (GeV)

108 107 106 10° 104 10° 102
B,=10""" G
Ao =102 pc |

fhoee = fflip =1

B-asym: ng=ng/s
2

10714} .
100 10" 10" 10® 10 10" 10'®

early X = Mo/T late

time time
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Sensitivity to the EW crossover

Z-y mixing is proxy for By to B¢,

—
o
S

= [ E: Tstep = 155 GeV , AT = 20 GeV t , Z
Na) . B B ]
Ng 095_2 ;step : 123 geV , AT: 10 GeV ‘ ]
S F - Istep = eV, AT =10 GeV < entire|y 3.
o [ B: Tstep =160 GeV, AT=5GeV & \&
S 0.90F A: Ttep = 162 GeV , AT=1GeV 4 :
< i ]
@) . , ]
gossf : i __
e [ entire p ]
2 | Ey em .
% 0.80f - ]
8 I - B A .
= [
0.75¢, . . ., .
130 140 150 160 180
tliantﬁee Temperature: T [ GeV | etiar;lg

time evolution

Baryon Asym.: ng=ng/s

Temperature: T (GeV)
300 260 220 180 160 140

71 ot
10 B, =10 G

| A =107% pc

very

10~ L
sensitive
10712
%t T
3 4 5 6
??QZ Temporal Coordinate: 107'° My/T tlfntwee

We should work to develop a better understanding of how hypermagnetic fields are
converted into electromagnetic fields at the EW epoch (even if it is a smooth crossover)
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Avoiding baryon overproduction

If nuys is too large, the helical By-field becomes too strong, and B-number is over-produced.

The upper limit is subject to uncertainties associated with modeling By -> Bgpm at the EW crossover.

Wetake pys/T S 1072 asa guide.

recall

1/3
Bphyso = (6.6 x 10716 G) (%)

grav waves from chiral plasma instability Andrew Long (Rice University)
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chiral asymmetry

is erased before viable window
Summary magnetogenesis
103 10-2 > (ity,5]/T)cer
) 1 hys, X ~Y’ T 2
assume: chiral asymmetry 70 TeV 7000 TeV physcrr O ([1v:s]/T)cr
(Baryo-genesis) »
‘ 7x10°1 G 1 %107 G > Bphys,0 % ([fv,5/T)cer
. 1/3
Chiral Plasma Instability 9 % 10~ po 2 % 10-2 pe > Eniphys,0 X (|fy5]/T)chr
$ — — > Qawh? o ([ivsl/T)E
X X
Magneto-genesis _
> fGW,O X (|:LLY,5|/T)CPI
‘ 0.1 MHz 1 MHz

» chiral plasma instability develops at Tcp > 80 TeV before washout
 development of CPl leads to helical PMFs and chiral PGWs

* the PMFs survives as an intergalactic magnetic field ~ too weak for blazars
* the PGWs are high frequency ~ too weak for laboratory detection

Gravito-genesis

grav waves from chiral plasma instability Andrew Long (Rice University)
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A note on notation

All dimensionful variables are comoving. Some examples,

conformal time: dt = dtpnys/a
comoving Hubble param: H = aHppys
comoving temperature: T = alpnys
comoving energy density: E = a45phys
comoving chemical potential: MU = AlUphys
comoving magnetic field strength: B = aZBphyS

comoving magnetic correlation length: £, = £, phys/a'
comoving conductivity: 0 = Q0phys

Friedmann equation: 3a2M§1H2 =&

grav waves from chiral plasma instability Andrew Long (Rice University)



Stochastic B-field power spectra & energy

(Bj(k,t)B: (K, 1)) = (27)2 5(k — k) [(% — Jiikej) Py (k) — ieijm/%mPaB(k:)}
Bk Ak

<Bz’(a3, t>Bj (y, t)> — /(27_‘_)3 (27‘(‘)3 <Bz(k7 t)B;k (k/, t)> eik°w—ik’-y
— /837];3 [(51'3' - ]Afz];’g) Pp(k) — ieijm]%mPaB(k)} ok (z—)

En(x,t) = %Z(Bi(az,t)Bi(w,t»

)

_ %/(gi’)‘“ (3-1) Py(k)]
/d3k P

3
/ %k_pB

= kEM(k)

grav waves from chiral plasma instability Andrew Long (Rice University)



Grav wave frequency spectrum today

Run X4: k;/H«=5x 103

Run Y3: ky/H«= 103 Run Y1: ky/H+=5x103

I T

107 -
107 -

107 -

Qgw()

2
0
T

107% -

107" |

LI |

107 l
10_40 i w

10 100
frequency f [Hz]

* a high-frequency & low amplitude

* UV end of the spectrum suffers from
numerical instability (that depends on the k;,
highest wavenumber on the lattice)

grav waves from chiral plasma instability
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TeV blazars
as a probe of the IGMF



Gamma rays from TeV blazars develop an electromagnetic cascade by scattering

on starlight (EBL) and cosmic microwave background (CMB) photons.

The presence of an IGMF deflects the cascade.

d ~80 Mpc perspective view

Yo
TeV EBL
De\l

CMB

GeV

] By E, —3/2 d, -1
Oext == (0.687) (10—15 G> <10 GeV) 1 Gpc

the blazar acquires a halo

the blazar halo becomes
“twisted” by a helical IGMF

1%
1
il
gezey 5
3t
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Ongoing experimental efforts ...

MAGIC (2010) HESS + Fermi-LAT (2014) VERITAS (2017)

£ 4 @ 800 L T T T T T T T T T
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[ 4 E
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40} - 300
[ *,* 200
o=, E
*"‘*v!mq‘h_‘_ ) . 7 100 f
o S S e Tt oF
0.02 0.04 0.06 0.08 0.1 E i
theta? [degree?] _100C L L L L L | | | | =
6 0 0.010.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.
A 6° [deg?]
. 1y tbte b s 28
o0 T T T T \ \ \ \ \ \ \ \ \ ! EX:
2F e b b b b b b b b b b 5
“4E + _ ‘ _ _ ‘ 0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 20.2 ) Z 2 1
002 oo 0% 008 o1 0 (deg~ ) S 60T 002 003 004 005 006 007 008 009 0.1

theta? [degree?]

A halo is not observed = some of the IGMF parameter space is excluded:

By~ (0.3 —70) x 107" G for Xy = 1Mpc



On the horizon...

1
-
<

Ll
(prod3b-v1)

The Cherenkov Telescope Array (CTA) will
dramatically improve the flux sensitivity &
angular resolution (PSF).

1072

E2 x Flux Sensitivity (erg cm? s™)

=

=
\\\HH‘
\\\HH‘

1072

Implications for IGMF contraints:
Benchmark models (3, green). Corresponding exclusions (blue).

10-11 EBL: Dominguez et al. (2011); T,.x = 6 9 =6°;0t<10 ye 5

10-12

10-13

10-14 E
gy = /CE
C 105 B\ 5
Qq - 1

2
v

Py

10-5 104 10-3 10-2 10-1 100 10! 102 105 104 10-3 10-2 10-1 100 10! 102 10-5 104 10-3 10-2 10-1 100 10! 102
A (Mpc)



