


GreaAxion Electrodynamics

Start from general Legrangian for EM cepled to+ ulaxio

2 = -F + Fliwigy-m)t-ejtAp
-Emba - GenFru

whe jhe FYNt Eve zEPFap

axion For ( +mila = -FF =gg(E :B)

Marells Eyes (No axion , No sources

-2A) = 0

-E = X

Gift o mi 2zE=XB

(Bianchi Identity) 2xFyr + Gr Fax +-Ey =0

or equie. It=o

Is . B = 0 2tB = - TXE

add sources

InFM= ej" + For fut



add axious:

Farr = -Saff

=-=
-2)

#
) = galdya)F +ga

SiBianchi Identity
EnFfV +garKpal ENr =op

- E = e-garva
. B

=XB -2 = j + gar(2+ a -B - Exta)

fast
,
a

= -gartal . Es

jett, c = gar/2ta ·3 - Exal

Lets get
induENfudhow xion Em

works
,
which will prove useful in understudy

how to search in astrophysics



B = Bolgif +B(gr) + ----

E = Elgaj) + E , lyaf) +. --

I = 0 Bo (x ,) = B(x) = Bo
Y

· focus on leading order contribute

and assure EIUBn eirt

· G7/Ampers Law) GlEXB]-2E = 27j +heljacent

· use EXEtIzB=o to Climate B

· Pop gisa and gatExtal
& one gets wave Eah

27(uxi) = 2EE = 2e) + j)dab2a +BLE-EX)
↓ t A

S-XXE
j = 8. GzlBotBil = zeB, -(4)

= --E + v(v-E)
2zj= wi - EY) . E

In liner response theory
j= . E

= in (1 -E) . E
Break down
- E ↳ extent diabetes Prior
· Super

Stay

outtenfast timesCenturBeginner



-E + T . E) -wa=gyBa
"Aion were Equ"

stoday were Egh in various linity

* Go to look at derator of

lets describe blug sourcery as collection of

collisionless partichy (take a for simplicity

f =

-

Che j= er

For for changes (Non-rel . limit

m.GzV = - e(i +ux)

Vi= Ei=
VI

,I = U1
,

1 + iV1
, 2-

Iopeneju=ene = ineEv -

= EE varm j= 0

↳ [ eBolm) E= 1

Ro j= ice =try



Limit #1 : Free Space E = I

Take BEDoY
, plun wave an coelks Eny

by twit Ex = -w"gaveBoa

Ey=o

(dy2 + wi) Ez =0

~ final dispense rakten Wik

Solve via Greens frctions

iwly-y: /
Ex =-ingar)dy"Bolijl anye

Pare= =

FE) Ex= -inAx

ok, as

= vg/dy' eivl-TikyD
un

# IFT(B)/k
= ko-ke

~



· could have gressed this result

Par Edimskas] ~ g2B2 x [herythin
2

52

umD
↳Bo (ky-k)

=-I which is such

Limit 2 : Unmagnetized Plasma·

Wi
1 - ~12

fant we wsup
E

= ( 1 -w
& I~

1 - 08/2

disponse relation
1) ridij-ning-tijll =c

= = troph cop=w

fix=k I transmise) (longitudul)

BaBol costrp)
an Greiky Ex

,y)

Jy
*
Ex- Jody Ey + 102-roph]Ex = - EgaBosiopa

2 Ey-EyExEx + I-rp)Ey= -woRocgOisC

No Greens Fursting
-

Assume slow variation of Bkg/vokid limit
y-Dep

Mr mi Exlys , Eyly] SyEx ,Ex = O



ty--B2o
lintigcases

lopno

Eye SB gBa upon
(logitidal excitation

16g + nt-rp2 Ex = -vogarko Sinc is a

lexion couples to BA

laxion effects polurization.I

apply Loki

Ey :Exlyle" GEkE
---

Zikay--(m-upe-igBe enelope +os

-

-
- - -

&

Ge J
Exys = :BodyBolSilare
L
eit

Kaopim ,0 Ext his

· Kacem, oscillaty rapidly ,
resoment root an merop

↳can analytically solve here using station phase



Exres eigs
y= Yes

Pagi hist-le)k
Cop =wpo() netis

should be compand against LB and Lita
↑

↳
LNow ,my

res-Olkm) w = 3p 3

Non-Resmart wind for ultor-relativit parties ,
low mess/low up,

harse enhancement of resevent for non-relatetic axing

KamiyDay
un-----axion Nar-Desert

B Lab
Gxiv - -
am----re

Desout Janalogy



4

.PHOEF +Ai+
+ maAA-EFI-E Talywork,is

·+=0() : (ii)
-om massless

Ay = By

A = By -
* Bj =GB---

2 = - Girgit -(B-XB-ari-x)
[ 3)RED)+[B =4 :)[B- xRT]

+j Bi -Gy-[G/"-x** -2 RM-x*]

-EGM + JNiH' -G +m
+j4B -Ym/BBN + 01x"

hmass mixing,
Mr:tooiling!



Diagaulze mass netry

By = 2 - Xe5

B = 22 + X4

Mass terms :

MrB-mB

= micr + -2)
masingmesstess

Current

jrBi = j[ex -x()
fold crupstl

masse
zuicut

to

I

I

&



IAN = zk Landor Gayl

Inato =Jam
TAY -MAN - X &N

Assum e plasue wh Tcame

&exdi -ripe-Pi) signore
j

assum P:EO
, Ivel small

T

=Tin[E +xE]
for simplicity

v= 0
-

&envIalo detre TravC
FT ix-k-int Gangeor

Ac
,th=+ (didn Alk,0 IEi into

LIT Become Aili = An + At Piki=

[ &
400p2

-
32tkur B =-

Xowp2

[ -
m +1 (ii)]-



presence of medium changes

what your propagating modes are..

(Defin 5 ,
5 by dispersion relations")

We want to know what cooply to EM

in last up
My

Arby = Aphiton + XApalp

in limit my crop

Alons = Aphoton+X/ArAr
Nest= Xo IMri

Resinant & Mra up

Note that for axion
, suppression

joesaspr (M
and is relecent for womp

-

-

V



WNucen Setting

Tak 2=54g7

Solution to clinc En F(X-m4 =0

place wave solu 4(x) = epleip- X

(HPp - m)up) = 0

Chial repusp)=)&
o= (k , :) Et=( ,-i) 3= c racter

NR Simil UN=/Cm-F)
for bilive #84 T: I

,55... --

Eps up) = 2m3't3

purTh(p) =)3 Pt

33 Si = 3E



Comment on Rabge Sacrency Sank

& 8

· retada
natural plasian

Electrostatic potential 4 of specify i

- .D : ef

F. (E) =E ExE-

E= - Y

-24 =
- 9/ = - [Sizien:

Theural Bolta dist-

: Exp)+4)
Thylorepaced"Exs"

, change rectality imples
Enizi = o

=
-

4= k-4 Eliz
--



Overview Lecture
-

-

..
Vacuum (B1 only
-

PastngYFT(Bk
=kr* M Speaks Who Ske0]↑

= Pr-Da 1 lim:

w large

Gen a #↳
-

· lo FGN) Stellar i field,
·Spectral occillator ,

cluster is
full,

- absorption
↑

BIGM,
EG

--- o polarization
Compute Paris in Plasma wh ButBt · Re-appearance of photos-

1
modity dispersion bycop -Ayio production

in Cort

(e . g.)

resoravery K King Lop= Ma

Resment fantas
dominate when

axious are not ultra-relatesdie (PM +

iPlu < 105)
Ex a Stig B1 e

qui->ExF



Neutron Sturg
-

ILines from Axion Do

~
00 .7)

·de* [Geometric factors]x[Git factors]

Din Taly Sall

Q :

1 .) Where is unscree

2.) Whatis local phase space

3) How efficient convasion!

·Plasmat in magnetosphere

oassume dipolar aligned is in vacuum

⑳ oNs in conductio ,
so inside

- in contacting frame Es,
in = 0

· in pulsor trave pin = -(Exr) xis

· continuity of E &Howdy Eo
,plax = -RRxBo

Edv=r*
=O



implies t,
Surfac ENERBN154

MittMistt + 98

E=- G-E .d

S ~ -1e
f

BALOPG ,
BRANIO Delkm

8, ~1013 by v-B e

look for state configentiary in which
S

plasma scrong E field
can also study banuss how

Ei=0
in covotny from

- Fie = f- 967

E = -Erino Exp

2= 5=] = Das

Stable co-rotating change danhy
· NO acceleration of choose



Gross Law F . E =c gins B=
= [Bo()" [1-3]5 - sinI2d] N=RB

phyEt E.BO
, very late to termittie⑮

· "Vacuum sold" not interly

holkm
,
Mren10Y look for steady state wh plasma

Uf-1010 E-B = 0

-

= Eor--liri

= 1 = (as v - 22 -B

w [q = Init :

assume change separated
then up uniquely defeed

kk Ishangly magnetized phasm
up1Ma

Cope 22eu 13costo-i
r good for grading allopen ofull

axions



· Local Phase Space

asymeitally , em faile
kozMaVo vin 200 Kurly

Lionvilles Theme:

fa(x(s)
,
[is] = > 1500

,
Good

-S
would live

wit = (13kta = 163Aoe-Koko
Every Cour

(161-cGm]=
It

-
* asymp-

homot isotropy- locally as well



-probability
Party ~ g2BLet

~ copp

enlok
Vwp(-)

10ev

leftis O 110m

Paro1G10m
i
Yesth Limage to 10

m

Persuelo-

· Power

Per for
2

- Paror ~ (10% 10 ms) ·/1km)
e (102)

Solo
Salo 5)

12 orders .Mad



StaticAxion Configurations
22 Frl-mate -E2q24p

Enstins Equs
-mar-miEpretyo-etspot+Mr,ef -mp(1+ +f.)

Exa = Eg(Flix-mpca4 +g(2nd)(and)
=m

=q2]
General Schwartchild metric

zu(r)

Goo = e Goo = -r2

gr = -jz] 399
= - regina

MN(l =Mw[l+]

ThGuP-S
Th = (Tidl)" + (Tgradv

ef(n ,mula)mig&&-p peplum ,macall-imp

ITgra= (4[St- SAS]11-4)



Gart turm

d = 4+2 + z(zrP)[1 -z]
higher order

Gor term

Gurp)
r/r-2GM)

MuThu=o

= -(etM+ 4+3p) - (P)[mip+]
r(r=zGM)

Ehigh order

&"

(1 -2G) + Ey')1 - GM - 2+6- (e- 4)) = mp+ a
focus on limit MPSU'/RN)

& enter of Ster

"M

q.~- Omi
could have gotten this from -mid c=



for
-fo what is effective ma

mu-Mrd1+]

I?man

keeping in mud Ma > I

approx man 10 "er, for 0~ 13r

OI1) effect with

turn 10Ge

low mass regie (B-mi)& : /I

DO &~ Ri

~
Mp/o"ev &,h

in a
-



AE +unt

d3x-R3

var San Netflix =Ma
Un=N

En p[m +x

- - xm =a
Un

=emp
Gun-MMiR] take RnO(10km)

1

Can 3M
-10-te

-MCRoma Mazlo

*Letobjects by

22-XaNN-MINN-MN(l+

Surn Xam (2np) ~ TOU Earsf(tal
Mno

To this check
-

X can look for Tor mod , or (a)



Erecture#4 : Black Holes

Tnm'darchCylinder

Consider Scattering a scalar wave off a

dissipative (absorbing) glinder which rotates

aboutE at I
12

numb

Ev fasaiutting ! Pasymptotally fire correct
· Incident wave behaves KG Equ =O

· In rest frame of cylinder absorption characterized

bd

I +<]tE = 0

Idamped oscillator

· Normally ,
solve for reflected + transmitted waves

by imposing E = Enter Gri = Iv(Er++)

Go to corotating frame : -' -It,
which is like

v = w -mi

adzE = <(= i)(w-me Sign Hip it want



potential Exercise :

assume dissipation only atER
,

Solve

for reflected + transmitted amplitudes

↓ (rp)' + 102 - iClo-mogir-R)-red= o

p : S63mIorL -R
& Jm(wrb +<Ymlord waR

~Do
, On Fer + Rwan

(roj3t

Define amp factor Zon= -1

Plot us what
d =21

For (h)#2=0.) (i
-
O i via

Another Exi

Note change in entropy dS: ILdE-red])
for incident ware d] = AdE

·if incident wave fully absorbed dSwdE(l-R)
wamot violates In love thermodynamic



Resolution : Consider reflected ware

see Zeldowch 1972 ,

Review by Bruto , Cardoso,Pani

BumbleSuperradiance

Goal : Solve (I-p2) = 0

do
= - Adt-aside do ladz

- (wita)dp)
2

D = w- I M- +al = "Facoso

G = 1 a 2mri

FG(fggg.p) - pp = 0

· Note that Egy is separable

= RetSideintind

languardno20(sofoS) +[102-filcoso

-
mi + n]S(0) = 0

Sin20

Cradral) 2- (D2-R) + [0
"Crita" - 4Mamortic
-

D

- (wa2 +yar +RJJR=0



Lets look at a tow thry :

Slowly spinning limitwl non-rel bond states
(w=/)

langola Snodo(sodos) +[ + NIS=&

S Yea / Ne Ple+]

+ limit ~M
↓- = Im

India) [-tudelrife)-2+TR
Radial Ean for e in h drogen atom!

with Lem -> My-*

Acet n rEVeFlap-not
Bound States ,

Rir) ~o

V-Doo

Do Ce* Wet -n , 29+ 2
,x)

X=2 Dr-+)

n= 1+1



key differences come at small

Go back to geneal Eam for Firb
,

and silve in

limit ~ap

z(z+12z[EfzR] + [R -leH)zCEB=

(E-DO :Short Z(r+)

Cr- r-) EM(l=a)
z-doo ↓

Pe am - 2mr+
-

F - V-

impose porty ingoing bounding condition

at z-Do

Near

RC) ~ iPFil-e ,1+ 1-zip ,He

Perform matched a sympotities
Near

Expand Darl

~6mePforir-t

* only possible for discule energies Watch

w= vr+iM

wr = ((l - E2 +-)

↑~ <
Ye+Y

(m2H -wir) =
M



Aside
, perforative approach is one avenue...

can also expand Rar> (intelligently) and obtain

recursion relation

Rory =Cr-r** -rjw
+x+

2M/w-mill
O -

V+ - r -

q=-

↓=M
202

&

Reaurone relation relating an which

can only be solved for discute

wr
,
P .

what have we learned? Quas: bound states are

disrete ,
and grow exponentially when whenme

in ~(E) Schors)

Exercise to Student, repent for Proce E

+ show growth rates are amplified



Interactionsin Superradiance

So for we've been talking abot C-pr= 0

2) juif[1-cos)(*x]
&- th invert

far-
Natural" to have self-int - with well defined

Scale

(E -(E =
-* XEL

what does source form do?

(5 -(2) = -

(I -(2) ---

= I can tren eivormt +
Inemy

( Term:

3-binnent free& Turme

· P&
vinment

Self-every correctina



· Prem Paren PomehnentWomens
-winmil E

1

Inemy

m
Inemy

Growth of these states is

not independent
-

Try to solve for rate of energyFransfer undered

by 2552 scalting

Basis execution: Cnemtrem+diemIm

-
free States

= - v -

2 +1 O'Trem = -of from
&'Yem = " Prem

*(p-2-)Centrum + Fiddle comm= --+1)

= - I
+ usePiece als fam , integrate

onthornomality



Com = 1. (drttats From

Every losses through horizon or intuity

= ]To do a

X12But Eney flow almost perfectly uniform
12123 BH

der) < / "IMNNN
keynotes : ·

· GEzC Ysiz Nun- UNEN322

(Pazl = UNcNgz)Nall

* large occupation numbers ↓

lad to quenched growth!
-

* enhacred gowth rate of 322

322 211

X Equilibrium
322 00 corfigunting



oft small fa
,
this leads to smaller

occupation numbers , delayed spir down

less GNs
... - -

· Now-decoupling of levels means one

must studycoupled evolution"



Dynamical Friction
-

X

·
wit

maclot

gM . (-1-timeout
(B-) =0

D = /EggEGr) = - 11-242 +4+

17724)
?

V = GM
Ansatz=beit

wkB +
,
4 small

= ) - + v)q

v=- Inte+]
Rat = (r,2 ,

2) MEGR3



4(r
,z) = S Unm Temlo,e

intuitively , onecn
understand <4014

Es fisht

int-int int-ind is
e = 82

Didn't hour enough time to fith
...

See Tomasell: 12025)



Recup
-

LEremrate)
·S& requis want , dissipation - controls rate

Iconfinement)
· Applied to context of BHs , we food Mugs

modlySubttuglik axios can sor down B! [ -coupling
show do we messe ? eru...]

·Gw Snot workingnow
·Continuum fitting

X tha fotting E · Fe live
·TDE

· Also interstay Systems "I

to super high ! [aw ,
De .
axins]

Sele
· Geneal idea of coupling (new physicas)

to available stellar energy dusity
of stellar objects + continy

I Tamp - stillow basing

* Rotational -DJ2,
axion clouds

& Nuclear - Sorry axon good
from nun matter

-
6 B -> (something For Hoke

about



O Continuum Tuilding

⑭ .v)so
Disco change hosa
tr had

Flux

#like D young

F -o -

O
· 'Ivor liveLine

In,mi
-
·

.Notnotfulloneaenassmeta bundant
D

Live

#



TDES
-

o if tidal force exceeds self-gravity

you destroy

Utida GMR

Aselt-GM
=~R(M3ar

~ /Miss
Small MBA
fu Milomo - Maax

for which IDE

Hills Mass"

Fr



↳Sperradiancearound stars.
?)

Can no play the "SR" game not netron

Stars?

Requirents
-

· Rot .
S& require wamR

Mmsp
~ 010.1)-

ZBH
,
may

my My = 102(BH) [little lessER]

· Bound State

(No problem,
no dissipation from hozon)

E.S.

~

#long o Dissipation (no

Ergoresio)/N
a sure (D -(2)p + 2+4= 0

↳= Mus yet, o,de
int [slow Spin lit]

r24" + 2 r4 + Svitiw(p) -el+x] = 0

inside Sta Tejetration) + Yel
..

~orgogut

outside In Chelard +ePmost
Sherical honkel faces



-ihr

Partor) - Por ein- + dine
---

4(=Rar = fr= R) in

+ demate

Zem=Not
8=-

INor Rotatua

(rotating



Axious tappingRot. E ofpulsars
-

-RotatingIs induay Eradle MB

· Typically , plasma screens (EOB)= 0

This can't happen everyotors

· observationally we see emissive from

near field

· TXB =j

EXB)opn #O EXB)closedO

can me supply ; with EB=O ?

& large i saise

Toto*



TOSDExample of Axion Back-Reaction

↓field live almost

straight

Look for static stable configurations

Gaus's l -E=b

so-rotating frame - . E = f+ &xrxB

2xE = f - frt

Ampore'sLaw XB-
Sidipolar fieds FXB = 0

Deviation from dipola- dus to currants

Rot Iconstraint to free paramal

f= ne -e j= ne - eoV = enei
=erj2F F

Energy conservation
1=

q + 5> m =g E#M ti= E=-

m(t+-1) +-E) = 0 5% =0

2[m(t - 1) +q] =0



m =0
↑

·E =-=
=-1
w = e

changenibles X = Top

-

r(a() -+o

datax20 accelerates

+-0drea-
l'ent] > / accelerative

Cileou) 1) decelente

So canre compute Clear] ?

Yes ,
for activa pulsars (leat)al in

part of open fieldling



↓/ particles can't screen E!

· Acceleratingis emit trays

CErY no 5
k8(102km)

et
-e-u
~ (dy demMeSnT(sort
· cost (okf)

Exp Factor-(B)/E)Sing 2-10 Sit
sinte small ,

tw103
,
needL

o acheirable on DrQ(0m)

Dense plasma Screens E
,
but is reltriotic

+ thus free stears



Screeney -> (E . B) ()

[ -f) = gEoB = j(x)

free

%=arekil

su/ source

ak-akj-
&

↓-

5 = (54xeikx. j(x)

=
1


