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* multiple images of one source
S,  time delay and magnification
between the images
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S1

Gravitational Lensing NA

Jl—l‘\\'

e delay is achromatic, only
depends on geometry

* |Is radio emission region
spatially coinciding with
gamma-ray emission region?
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Lensed images are not resolved —> light curve is a superposition of the

source intrinsic light curve x(t) and delayed, magnified copies of itself.

in case of two images: y(t) — ZC(t) T a x(t — t())

/

magnification ratio and delay = lens observables
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Lensed images are not resolved —> light curve is a superposition of the

source intrinsic light curve x(t) and delayed, magnified copies of itself.

in case of two images: y(t) — ZC(t) T a x(t — t())

/

magnification ratio and delay = lens observables
(A) (B) (C)
Peak Auto Metric
distances correlation optimization

Wagner+ in prep
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lightcurves
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— lightcurves = S
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A package to analyze any kind of light curveftime series, e.g. with Bayesi
Blocks, flare fitting (HOP), and a stochastic processe
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Ornstein-Uhlenbeck parameter extraction from light curves
of Fermi-LAT observed blazars

Paul R. Burd!, Luca Kohlhepp', Sarah M. Wagner!, Karl Mannheim', Sara Buson!, and Jeffrey D. Scargle?
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Monthly binned Fermi-LAT LCs show characteristic OU parameters..

physical interpretation?
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ury1 = ur + 0AL(w — ur) + oV AN

Drift Diffusion
draw back“to mean white noise described
revision level U at with Gaussian arougd 0
mean revision rate 6. and variance g~
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Charged particles interacting with turbulent waves propagating
parallel to a background magnetic field satisfy a transport equa-
tion in the diffusion approximation which includes first- and
second-order Fermi acceleration as well as synchrotron losses

and particle injection through a source term ¢7. This equation
1s given by (Kirk et al. 1988; Schlickeiser 1989a)

0 0
8{ — Cﬂ(z)—f t 3, (n(z p)'—f>

! (3 dz"" az>ap P ap (“2(z’p)p ap>

1 0 0
p? Op (al(z p)p ) af P2 Op ( syn(z)p4f)

+, (10)

Krills & Achterberg 1994
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Evolution of probability density function over time

L
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Evolution of probability density function over time
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Fokker-Planck equation

00) 50 (a0 f(e0)+

1=1

+ > >4 axz axj (; ZB@k(t,X)Bi,k(t,X))

1=1 5=1 k=1
is equivalent to (Arnold 1973)

dXy ;
dt

dW
dT

= A;(t,X;) +ZBJ (t, X,)

1=1

a system of Stochastic Differential Equations (SDEs)

Utilizing gamma-rays to study AGN jets sarah.wagner@uni-wuerzburg.de
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Gives probability density of charged particles in every time step
also accounting for losses —> compute time resolved emission

Time evolution of SEDs
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* delay induced by gravitational lensing can be utilized
to study emission region, e.g. PKS 1830-211

w
1

 monthly Fermi-LAT light curves can be described
by OU process with constrained parameters

==

 self consistent model for acceleration mechanisms
resulting in time resolved SEDs and light curves

FLUX / A.U.
=N

o
1

0 50 100
time / A.U.

Thank you: Any questions?
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two images

separated by
~1 arcsec

Lovell et al. (1998) for
radio core:
e time delay: 26 +4/-5

16
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 FSRAQ, relatively close to
AN ]
Q galactic plane
GU)) e gravitationally lensed
g 0 e two images (A & B) with
© core (red cross) and faint
S
- extension (yellow circle)
Q(/)) 05 e separated by ~1 arcsec
o ’ * much fainter third image
O (C) neglected here
)
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Figure 2. Range of possible core locations and the jet projections in the source
plane. The gray area shows the allowed range (lo boundary) of the core
positions with time delays from 21 to 30 days (Lovell et al. 1998). The
corresponding magnification ratio between the resolved images is 1.52 + 0.05.
The blue area represents the positions of the core constrained by the
magnification ratio measurement. The red circle delimits the allowed core
positions derived by Sridhar (2013). Arrows A and B indicate the limiting jet
projections constrained by resolved radio images.
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Lensed images are not resolved —> light curve is a superposition of the

source intrinsic light curve x(t) and delayed, magnified copies of itself.

in case of two images: y(t) — ZC(t) T a x(t — t())

/

magnification ratio and delay = lens observables
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Jdentify and characterize statistically significant variations while

suppressing the inevitable corrupting observational errors”
(Scargle et al. 2013)

Lo PKS1510-089
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,Hop to highest neighbor of each data point®= identify peaks

Proceed downwards analogous to watershed method
(Wagner 2021, Meyer 2019)

Lo PKS1510-089

u —— Bayesian Blocks
mmm HOP peak
observed flux
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Delay imprinted in structure of light curve?

= apply Bayesian block and HOP analysis

=) detection of 33 flares (“hopjects”)

=) distribution of distances between all peaks

TSF: 0 binned Fermi LC of PKS 1830-211

2009-06-18 2012-03-14 2014-12-09 2017-09-04 2020-05-31 2023-02-25

sarah.wagner@uni-wuerzburg.de
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significantly higher probability for distance

to lay between 19.75 and 26.25 days
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Self correlated signal would show peak in ACF

— N
Definition:

+00 00
R,(r) =Ely() y(t+ 7)) = [ (o) g+ ydt= [ V()P ds

— 00 — 00

\ v,

~ \

BUT: unevenly sampled measurements over a finite observation period

g |

Discrete Correlation Function (DCF)

Edelson & Krolik (1988)
similar: zDCF, structure function

Utilizing gamma-rays to study AGN jets sarah.wagner@uni-wuerzburg.de 24
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Discrete Correlation Function
Edelson & Krolik 1988

Consider all measurement pairs a_i and b_i from the two time series and compute

ipop (i) (bi—b)
o \/(02 — ¢2) (Jg _ @%) normalize

as well as the time shift between the corresponding times: Atz,] — t] — tz

To compute DCF, average over all UDCF values within a chosen bin AT

This can be done over the whole light curve or a certain lag range.

DPG Spring Meeting — Sarah M Wagner 25



Discrete Correlation Function

LC with TSF = 4

Bias of DCF can be minimized either by

—> not applying a TS filter or

—> detrending and normalizing the DCF

detrend=False, norm=one, glob=True

100 4 ~+ R s e +
}.~_ v 4 ' -

0.95 g *., J

e+ttt $

+ +
0.90 1
0.85 1
v

08071 dtau = 1
075 4 dtau = 3

+ dtau =8
0.70 1 —+ dtau = 32
065 {1 dtau = 64

~10.0 =75 -50 =25 0.0

25

biased

5.0

75 10.0

LCwith TSF =4

detrend=True, norm="std-err", glob=False

11 4
10 4 +-
09{ | N

0.7 1

+- dtau =1
0.6 dtau = 3
+- dtau = 8
059 4+ dtau = 32
04 | dtau = 64
100 =75 =50 =25 00 25
not biased

eg dip at center due
to TS filter

(to be discussed)

5.0

75 10.0

LC with TSF = none

detrend=False, norm=one, glob=True

10 - +
N £ % N
09 P .
+ e
et s ﬁ
0.8 -
+ dtau =1
0.7 1 dtau = 3
+- dtau =8
06 +- dtau = 32
dtau = 64
~10.0 =75 50 =25 00 25 50 75 10.0
not biased

(to be discussed)



A) Auto-correlation: DCF

Discrete Correlation Function (Edelson & Krolik 1988)

UDCF,, — — b D) |
V(o2 —e€2) (02 —e?) normalize
1.0 A
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A) Auto-correlation: LSP

The auto-correlation approximated with the FT of the (Lomb-Scargle) Periodogram:

+00 F00
R(z) = / flu)f*(u— x)du = / Frg(s)]|* ™% ds

— 50 — 00
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tau
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Metric Optimization

We know behavior of light curve based on lensing

+
NN

s Ty (LS

4 +
¥

y(t) = x(t) + ax(t — to) <= V(s) = X(s)(1 + ae~27005)

High-energy variability of PKS 1830-211

= solve for intrinsic light curve

x(t) =I1FT

FTy(t)]

1 + g e—wto

= fit for lens observables

o define a metric M to judge whether x(t) is a

“good” intrinsic light curve

o find values for lens observables a, t 0 that

optimize metric

Estimated(a, tg) = argmin M|z (t|a,tp)]

sarah.wagner@uni-wuerzburg.de
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Many properties could be utilized
as metric. One example:
= \ariance of intrinsic light curve

M|z(t)] = var(z(t))

Figure to the right:

test case for noise-free simulated data.
Known parameter values: blue dot,
estimated values (minimum of variance
of x(t)): red circle

High-energy variability of PKS 1830-211
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imulations
54

Error of predicted time delay in dependence of true valr
#2 Variance( diff )

#1 Variance

#5 Number of Peaks 21

—_— O
) A\,efage bes“. #SD|stW|dth0.6 18 -

. 0.6 0.8
#9 Total Varlatlon( sqrt) 13

#1 2 Total Varlatlon**3

- : 0.2
gg #13 Number of Blocks 16 #14 Number of BB Peaks
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High-energy v
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solid circles are the metric optimized estimates; solid squares and lines are the bootstrap means
and variances. Open symbols at similarly for the autocorrelation-based estimates using Equation
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https://github.com/pguenth/sde-crt
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SDE: next step of a process X_t is defined by:

N
dX; ; aWw
’:AZtXt—F thXt 4
o= AL X) 4D B Xe) —
g=1
Drift Diffusion
e.qg. ,draw -+  white noise (random contribution)
back” to mean expressed through Wiener process
X

| |
to 3]
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Toy Model

Particle Acceleration

Goal: create self-consistent model with multiple time dependent
acceleration mechanisms (diffusive shock acceleration, stochastic
acceleration, shock-drift) described by diffusion-convection simulations

smoothed shock profile in shock frame

e 1D, single
shock/acceleration
region with high
compression ratio

—t
A A

)

o

Qo
|

o
(o))
A | A A A

* High-energy particles
(electrons) are injected
at the shock front

bulk velocity (a.u.

o
N
s A l A A

1

—

—h K _E _ N _E N =B N N N N N N N N N ]

— Diffusive shock acceleration
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ideal shock

x (shock at x=0)

Electron energy density index S — —
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see Burd et al. 2021 ARA 645, A2

ury1 = ur + 0AL(w — ur) + oV AN

Drift Diffusion
draw back”to mean white noise described
revision level W at with Gaussian around O

- - 2
mean revision rate 6. and variance g~.
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u=0 6=0.8 0=0.1 dt=0.5

0.20 - |

M WW \w

UT/ a.Uu.

0004 H+Yw--mR--$+---F-—-—--F-FV--—-—--Fp--—------ .l
—0.05 - \'\/ “ /\J
~0.10 - v
—0.15

u “
—0.20 A
6 2IO 4IO GIO 8|0 1(I)O
Time/ a.u.

KIPAC Tea - 18.06.2021



Julius-Maximilians-

2 _ + +
I WORZRORE | Ornstein Uhlenbeck Process \/*\g
ury1 = ur + 0At(n — ur) + oVAINT
u=0 6=0.8 dt=0.5

2_
1_
5 o
O
~
S -
— sigma=0.1
-2 - —— sigma=0.5
sigma=1.0
_3_
(I) ZIO 4IO 6IO BIO 160

Time/ a.u.

KIPAC Tea - 18.06.2021



Julius-Maximilians-

2 _ X +
I UNIVERSITAT Ornstein Uhlenbeck Process "/

ury1 = ur + 0At(n — ur) + oVAINT
u=0 o0=0.1 dt=0.5

AT AT
5 oof LA /\Nx\@;g/\/ WW /M\\\ _____

: f
i V [
S
—0.2 —— theta=0.1
- —— theta=0.5
theta=1.0
—-0.4
(I) ZIO 4IO 6IO 8IO l(I)O

KIPAC Tea - 18.06.2021



High-energy variability of the gravitationally
lensed blazar PKS 1830-211
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