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Abstract: Light rays can orbit the photon shell of a black hole many times before escaping to infinity.& nbsp; This means that a distant observer can
see a successive series of "echo'&nbsp; images, each separated in time by the photon shell orbital period, and each dimmer than the
previous.&nbsp; | will present a study of light echos using coherent autocorrelation functions sourced by fluctuating matter in accretion
flows.&nbsp; | will demonstrate that coherent autocorrelation functions are peaked at integer multiples of the photon shell orbital period.& nbsp;
Furthermore, | will argue that the power in echos from supermassive black holesistoo small to be observed on Earth.
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Light echos and coherent autocorrelations
in a black hole spacetime

2012.11778

Work done with Lindy Blackburn, Shep Doeleman, Michael Johnson,
Jim Moran, Ramesh Narayan & Maciek Wielgus.

Paul Chesler
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The photon shell in the Kerr spacetime

e There exists bound null orbits in the Kerr

spacetime at radii A
?'z S Tﬁ E rf.l ? .:.:.““. f"l '."0:’.”
where & Pl
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e Orbits are unstable,
§r ~ ¥

where n = winding number and v = Lyapunov exponent.

e For Schwarzschild v(rl) = 7 and r] = 3M.
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Potentially observable effects of the photon shell

e Longest lived (and high angular momentum) QNMs
governed by photon shell physics.

e Photon ring in black hole images encodes photon shell
' Johnson et all: 1907.04329].

— Lots of structure in photon ring
from multi-orbit trajectories.

| 5
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Brightness Temperature {10° K)
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Correlations from multi-path propagation
e Consider light sourced by an accretion flow:

e In a black hole spacetime, light can take infinitely

many trajectories to observer.

v

>

v

= Autocorrelations in movies
from multi-path propagation.
[Wong: 2009.06641],
[Hadar et al: 2010.03683]

= Autocorrelations in light

curves from m
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Correlations from multi-path propagation
e Consider light sourced by an accretion flow:

e In a black hole spacetime, light can take infinitely

many trajectories to observer.

v

v

= Autocorrelations in movies
from multi-path propagation.
[Wong: 2009.06641],
[Hadar et al: 2010.03683]

= Autocorrelations in light

curves from multi-path propagation.
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The challenge of disentangling accretion physics
from multi-path propagation effects

e Accretion physics itself can give
rise to correlations too.

e An example is an orbiting hot spot

e Can accretion physics be
disentangled from multi-path
propagation effects?

e This question can presumably be answered with GRMHD
simulations & ray tracing.

Messy!
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The (naive) advantage of coherent autocorrelations
e Light curves & movies contain no phase information
about EM waves.
e However, phase information is measurable: e.g. (E({)E(t")).

e Why is this (naively) useful?

.
i

.
|

e Correlation length in plasma is < horizon scales.
= (J"(x)J"(y)) effectively has delta function support.
= phase from different points is uncorrelated.
= coherent correlation functions are

insensitive to complicated accretion physics.
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Today’s goals

e Coherent autocorrelations are sensitive to the echo periods
and Lyapunov exponents.
e However, at observable wavelengths the power in echos in minuscule,

making coherent autocorrelations a bad observable to study echos.
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A simple toy problem

Employ the Schwarzschild spacetime:
e Spherical symmetry makes calculations easier.
e Constant photon orbit period 7" = 6/ 3M.

e Constant Lyapunov exponent v = .
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A simple toy problem

Employ the Schwarzschild spacetime:
e Spherical symmetry makes calculations easier.

g, L o ey 4 ) B e T — R 204 & ¥ ¥ 9
e Constant photon orbit period T = G/ 3M. distellsitian of T

. and ~ for Kerr!
e Constant Lyapunov exponent v = . ; /

Trade electrodynamics for a scalar field V:

e Equation of motion

—V2¥ = p.

e Easy to solve wave equation numerically w/o ray tracing.

e “Matter” source p is random variable & localized near the BH.
_ 1
/ o4
(p(@)p(y)) = ——=x(r)6"(z —y)
V=g

o Correlation function C(t) = (¥(1)¥(0)).
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Field correlators

e Equation of motion —V*¥ = p is solved by
U(t,r) = /di!drg'f”fv —gGt—t',r,v)p{',r"),

where G is the Green’s function of —V?=.

e Using

(ot )l 1)) = —x(r)5(t — )83 (r — 1),

one has

C'(t) = (¥(t,r)¥(0,7r)) = [{ft’(I:S-r"\/—.q Git—t,r,?)G(=t,r,»)x(r).
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A simple toy problem

Employ the Schwarzschild spacetime:

e Spherical symmetry makes calculations easier.
- W s - -~ 14 _.\~' or __ AT e f - . . o

e Constant photon orbit period T' = 6mv3M. ] (istribution of T

and ~ for Kerr!
e Constant Lyapunov exponent v = . ; /

Trade electrodynamics for a scalar field V:

e Equation of motion

~V2¥ = p.

e Easy to solve wave equation numerically w/o ray tracing.

e “Matter” source p is random variable & localized near the BH.
_ 1 ,
/ cd
(p(@)p()) = ——x(r)o*(x — p)
V=9

e Correlation function C(t) = (VU (£)¥(0)).
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Field correlators

e Equation of motion —V*¥ = p is solved by
U(t,r) = /di!drg'f”fv —gGt—t',r,v)p{',r"),

where G is the Green’s function of —V?=.

e Using

(ot )l 1)) = —x(r)5(t — )83 (r — 1),

one has

C'(t) = (¥(t,r)¥(0,7r)) = [{ft’(I:S-r"\/—.q Git—t,r,?G(=t',r,»)x(r).
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A few small details

e Fourier transform in time,

P

Cla )= /r_le‘,C(t.)fr"’“”. Glw,r,7') = [(ii.C:(!.,?',T;){.'éwI.

e Expand in spherical harmonics in angles,

Ej(w"s r, T!} == Z y!’".ln.(lf)y;m (ff)g(i? rf)-

Frre
where Gy(r, ") satisfies
o]
d ,.d 72w —LL+1)f o ,
[(h‘T / dr * ¥ Ge(r,7') =)

e Correlation function:

=~ 1 . : ; ;
Clw)= o Z(ZF + 1) /';"'2('.@?’!)((1"’)|gf(r, r)|2.
4 .
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A few small details

e Fourier transform in time,

it

Clw) = /rﬁi(?['ﬁ)t:""m. é(w?f’!) = /di-G(e‘:,_’r‘,T’r){:‘:“”.

e Expand in spherical harmonics in angles,

(;('“"“"5 r, T!} = Z y!,.m_(-f)y;m (ff)gl’i? i”f)_‘

Frre

where Gy(r, ") satisfies

—7T

d o,.d N r2w? — 0L+ 1)f
dr *dr ¥

] Ge(r, ") = 6(r — r').

e Correlation function:
~ 1 . . , ,
Clw}= o 2(25 + ])/ -;-"%i-r’x(-r’}|g,;;(-.«: r”)|3.

Must solve a bunch of ODEs. I’ll do this numerically.
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Results for the spectral density 5’(@)
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Large frequency behavior of numerics consistent with:

—

Clw)=0C, +mnz_lAr,5111 wnT + o0y,).

Pirsa: 21020052

Page 17/41



Results of numerics

1
Please note: -
e Plots made with oc bandwidth. T 06
0.4
e There is a d-function at ¢t = 0 |5 e
. " y N r ) GM
with unit amplitude. ;
2 3 4 5 6 7
M
Foax = 4M Fmax = 9M Fiase = OM
0.02 0.01
0 e ;
e~ T e 9
. =-0.02 ) .5-0.02 ~5-0.01
L | ! ~
“ -0.04 o “ .0.02
-0.04
-0.06 -0.03
-0.08 ' -0.06 -0.04 :
0 1 2 0 1 2 0 1 2
/1 /1 /1
e C'(t) nonzero at all times, but peaked at t = T,27. ...

c Iis &
with amp ~ e ™/T.

e Width of peak increases as r,,x increases.
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Why are there peaks at t =7,27,...7

/ ............ *; - \
\ 7'._‘.. -'*.-h P'.';r
* o T PP
e [Fach point « has a e All points & have nearly

different lag time 7. the same lag time 7 = T'.

) = entire volume contributes.
= small neighborhood of

point contributes. e Distribution of 7 becomes broader

as T'max 1NCreases.
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Why do the peaks alternate in sign?

Pmax = 4 Fimax 5M Fiax = O
0.02 0.01
0 :
0 0
. =-0.02 A\ . 5-0.02 - . =-0.01
= . 2 ~
“ -0.04 | L < .0.02
-0.04
-0.06 -0.03 |
-0.08 -0.06 -0.04
0 1 2 0 1 2 0 1 2
¢/ 11 171

[Schutz & Will: 1985]

e This is just the dispersion relation of a damped 2D wave
equation on a sphere!

e _'F"*'?r,)\ N {f_l_:'{i

_(:_T‘—()_ !;J;"II:‘-_J N Mt
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Why do oscillations in the spectral density C(w) ~ 17

1.2 < ~
>
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Fall-off due to
cancelations from @
different emission
points. h
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Geometric optics analysis

e Use geometric optics when wM > 1:

é(w r,7') = ZL-;:(?‘-_ T")cf"':“'rf’{"""’").
P

where sum over p is over trajectories with 7, = retarded time.

—

C'dirfet.'.t (w)

i

(\'f'l nulti-path ({-U)

with A,y =7 —
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e This means C(w) = Cirect (w) + Crmulti-path (w) Where,

Z / Vq(f:%'?’"_\’('-"f}i;.p(?‘. ,r,;)z*
p -

Z / V=g @' x(r)Ly(r,v") Ly (7, 7' )2 Trw! (r.r')

pFp' "

P
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Geometric optics analysis

e Use geometric optics when wM > 1:

—

Glarn)=Y Lplr o)ttty
P

where sum over p is over trajectories with 7, = retarded time.

»

—

e This means é(‘t“"') = Cdirt:ct (w) = énmll.i—palh(w) where,

—

Cdirﬁect (U".)

Z/ V—gd’r'x(r")L,(r,r")?, < w independent
P

o~

Clmllti—p&l }l({'{‘;)

Z / \/jgﬂi:i?'; X('J'J)LP(T._ Tf)Lp.r (rr: T’)e'f:wﬂﬂwf ('P.T"M}:

pFp' "
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Geometric optics analysis

e Use geometric optics when wM > 1:

P

where sum over p is over trajectories with 7, = retarded time.

. s

i

.
3

e This means é(w) = i e (w) + é,m,u_i_pa.h(w) where,

Ciirect (W) = Z / V—gd’r'x(r")L,(r,r")?, < w independent
p -
Codlipathl@) = Z / V=g @' x(r)Lp(r, v )Ly (7, 7)™ AT (T:7),
PEP " - _—
T
with Aty =17, — 7. saddle point analysis
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Saddle point analysis

Consider the w — oo limit of I(w) = [ dzf(z)e™9),

e Integral dominated by points zs where ¢g'(zs) = 0.

e [xpand
M2 = flag+ Pledla—a) 5z z—n)*+
o) = g(z)+ b (z)(z -2 +

e (Gaussian integration vields

e Cylindrical symmetry therefore means

ifmuiti-pm.h(bﬁ) = Z /\f ,'ff r )\ “P(T r’ L.“ ('r' r )p"“’ATH”(T” )

p#p'’

1

ot e

w
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In practice, are echos observable in coherent
autocorrelation functions?

Fmax = 4M Finax = oM Pinax = OM
0.02 0.01
" N il
0 e [t i 0
= -0.02 \| 2-0.02 . . =-0.01
g o | =
L .0.04 | ~ I L .0.02
-0.04
-0.06 -0.03 |
-0.08 : -0.06 : -0.04
0 1 2 0 1 2 0 1 2
[ ¥ t/7 L

Plots made with infinite bandwidth!

e Key point: Observations are made with finite bandwidth.
— For EHT, w ~ hundreds of GHz, Aw ~1 GHz.

e Key question: For a given bandwidth, how much power is in echos?
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Relationship between power and C(w)

e Consider the windowed Fourier Transform,

\.\ltL;H

V Wit —twin/2

~

V(w) =

l,-)(_}m,f

e Time translation invariance then implies

_f'“-'in/z

o —tuin/2 |
WP = [ 7 aw@uo)e,

e Therefore, up to normalization C(w) is the power in mode w.
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The hopelessness of coherent correlation functions

1.2 - =
1.1 = 5 Mo
= ~
% L ‘nMn’l'||“".fn‘w'nﬂ.ﬂm.,x-x-w.mwm-mfmmwW.... E # - i S
S s G T
S 0.9 w 8 N
= T
0.8 =~ 10 : \_\&“"\,.H '
0.7 Z R
O 5 10 1072 100
e Muw

e Power in echos suppressed relative to direct light by le.

e For w ~ hundreds of GHz with Aw ~ 1 GHz, and with M ~ 10°M,

A 1O,
Mw

e This is hopelessly small!

Pirsa: 21020052 Page 28/41



In practice, are echos observable in coherent
autocorrelation functions?

Fmax = 4M Trax = 0 Pmax = M
0.02 0.01
; 0 —— e _
0— - S ~ | oF—. —
¢5-0.02 \| -5-0.02 || .=-0.01
i b | )
> | s f ,-.'
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Plots made with infinite bandwidth!

e Key point: Observations are made with finite bandwidth.
— For EHT, w ~ hundreds of GHz, Aw ~1 GHz.

e Key question: For a given bandwidth, how much power is in echos?
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Light curve autocorrelations
Naive assumption:
e For simplicity assume emissivity correlation length << M

e Results:

0.01
107 p—
0.008
107 .
= 0.006 = N
= o Woma
= e \
= 0.004 = 10 ;
| \ o o A
0.002 |/ X 10°° 1
'\_ | == -
0 = ; -8
2 1 0 1 2 = 2 1 0 1 2
/T L/
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Light curve autocorrelations
Naive assumption:
e For simplicity assume emissivity correlation length << M

e Results:

0.01
10° it /T
0.008 ' :
107
& %080 S v
= 0.004 =10 X
0.002 w08 [ )
% = 0 1 2 = 1 0 1 2
i r L
p e Not large effect!
e Easy to imagine accretion

physics pollution!
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What needs to be done

To ensure accretion physics can be disentangled from echos:

e Compute emissivity correlators (e(¢,r)e(t’,r")) for a wide
class of simulations.

— Includes transient effects, such as hot spots.

e Ray trace to compute light curve correlator,

(I(I(t)) = / Git—t,r,»\Gt' —t",r, v e, v, r")).

e Develop methods to differentiate echo peaks from accretion physics.
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Geometric optics analysis

e Use geometric optics when wM > 1:

—~—

Gw,r,7') = Z L,(r,7")elm ),
P

where sum over p is over trajectories with 7, = retarded time.

r.
¥
—

e This means C (w) = Cairect (W) + é,.mu_i_pa_m(w) where,

Cdirﬁect ({-’-") — Z/ Vf__.qd:i'r’.\/.("'.f)‘[‘”p(?"- T'!)z‘-
P
C?lllﬂhli—pﬂ.fh(w) = Z / /‘_(; ([_3-7-" .x(""f)Lp(T-. T‘;)Lp" (rrt: Tf)e-f:wﬂi'_lppf (r,7 }
p#p’
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Why do oscillations in the spectral density 6’@) ~ L7

1.2 ' < —
1.1] L= S
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9 'WW : - B,
J'?':-.-'.D,Q \ 5 -\\'\
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= 1072 Ny e
0.8 = \\\ :
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v

Fall-off due to
cancelations from
different emission

points. \\ni
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Results for the spectral density 5(@)

1.2

< e
2 a
o S
5 WIM = W
O | | I'II“"r._.ﬂJnUn_.-Uva.mmMW,W,\,. :;_." B A ~
™ Juu < =
ey w ; = e e
"o 0.9 = \i\ i
I J/w
& -2 =L ,
0.8 = 10
R
0.7 =) il ]
L Muw

Large frequency behavior of numerics consistent with:

~ 1
Clw) =C, + Vo Z A, sin(wnT + 9,,).
=1
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Why are there peaks at ¢t =7,27,...7

_________

e Fach point « has a e All points & have nearly

different lag time . the same lag time 7 = T'.

; = entire volume contributes.
= small neighborhood of

point contributes. e Distribution of 7 becomes broader

as Imax INCreases.
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Why do oscillations in the spectral density C(w)
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Geometric optics analysis

e Use geometric optics when wM > 1:

—

C(Lu'._ T, T’) — Z Lp(?‘._ T,.F)e-.rjw'r},{'r.r')'
P

where sum over p is over trajectories with 7, = retarded time.

O . s

— =
¥

—

e This means é(‘t“"') =3 Cdirt:ct (w) = éjmlll-i—pm.h(w) where,

—

Cdirﬁect (w)

|

Z/ V=g d’r'x(r")Ly(r,7')?, < w independent
p

o~

Cnmlti—p&th ({'J“;)

Z / V=9 &% x (") Lp(r, ¥ ) Ly (7, 7)Ao ("7

pFp' "
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Correlations in Hawking radiation

Photon shell also imprints itself in Hawking radiation emission spectrum.
[D(‘.('é’i.]lil'li et al: ]’1(_]1.(]78]] /‘\[_\\'/ SM‘O:{
L.--"'—‘—-——'—"’"-—-'_""‘-—--_--'"”"'—

Quantum mechanical correlators:

Cagm(t) = (DU (0) + TO)U(E)),  Comi(£) = (U()T(0) — (0)W(1)).

3 3
a’ 10 10 =
i or = — A
2 ||I | ||
2 |
E:- 0 I — = .5 ||
~ ‘ =
N\ ||
.E -2 I'|I =
S | ~ 10 !
-4 iJ |
-6 -15
0 1 2 3 4 8] 1 2 3 4
T I
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Correlations in Hawking radiation
e Photon shell also imprints itselt in Hawking radiation emission spectrum.
[Decanini et al: 1101.0781]
¢ (Quantum mechanical correlators:

Cagm(t) = (U(EV(0) + TO)F(E)), Coms(t) = (P()T(0) — W(0)W(1)).

3 -3
g 10 <10 =
\ G ||ﬂ - Ram
" |I'. |
m 0 = ” I'\___ = 3 5 ||
\\\ H
.E 2 \l'l ]
= o
0 '|| 10 ||
-4 1l |
|
-6 -15
0 1 2 3 & 0 1 | 3 i
1T P

e Same geometric optics analysis applies.
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Thank you!
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