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Gravitational Lensing
• only two gamma-ray bright blazars 

that are gravitationally lensed 

• multiple images of one source

• time delay and magnification 

between the images

https://www.mdpi.com/2073-8994/9/10/202

mailto:sarah.wagner@uni-wuerzburg.de
https://www.mdpi.com/2073-8994/9/10/202
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PKS 1830-211 in radio

• FSRQ 

• two images  

• separated by  
~1 arcsec 

• Lovell et al. (1998) for 
radio core:

• time delay: 26 +4/−5

8.4-GHz VLA, Jauncey et al. 1991

mailto:sarah.wagner@uni-wuerzburg.de
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PKS 1830-211 in radio

8.4-GHz VLA, Jauncey et al. 1991

in case of not resolving two images:
<latexit sha1_base64="PQCkGReeD80FRUSWH50x+OfChsM=">AAACAnicbZDLSgMxFIYz9VbrrepK3ASL0KKWGfG2EYpuXFawF2iHIZOmbWgmMyRnxDIUN76KGxeKuPUp3Pk2ppeFth4I+fj/c0jO70eCa7Dtbys1N7+wuJRezqysrq1vZDe3qjqMFWUVGopQ1X2imeCSVYCDYPVIMRL4gtX83vXQr90zpXko76AfMTcgHcnbnBIwkpfd6eehgC/xw/A6wKR5aOgIPLvgZXN20R4VngVnAjk0qbKX/Wq2QhoHTAIVROuGY0fgJkQBp4INMs1Ys4jQHumwhkFJAqbdZLTCAO8bpYXboTJHAh6pvycSEmjdD3zTGRDo6mlvKP7nNWJoX7gJl1EMTNLxQ+1YYAjxMA/c4opREH0DhCpu/opplyhCwaSWMSE40yvPQvW46JwVT29PcqWrSRxptIv2UB456ByV0A0qowqi6BE9o1f0Zj1ZL9a79TFuTVmTmW30p6zPH6U0lGg=</latexit>

y(t) = x(t) + a x(t� t0)

magnification ratio   and   delay   

=   lens observables

light curve is a superposition of 
source intrinsic light curve x(t) and 
delayed, magnified copy of itself.

mailto:sarah.wagner@uni-wuerzburg.de
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Why care about delay?

determine Hubble constantconstrain jet geometry

It depends upon…


… geometry of emission region         … universe that light propagates through

https://www.mdpi.com/2073-8994/9/10/202 Image: https://www.esa.int/ESA_Multimedia/Images/2015/07/Gravitational_lensing#.YzTN2pCFR7g.link

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Auto Correlation Function

Definition:

Self correlated signal would show peak in ACF

<latexit sha1_base64="CLsrkv/4PIOdJyjwyW4eJrlc1Iw="></latexit>

Ry(⌧) = E[y(t) y(t+ ⌧)] =

Z +1

�1
y(t) y(t+ ⌧) dt =

Z +1

�1
|Y (s)|2ei2⇡st ds

Auto-corr Theorem:

Discrete Correlation Function (DCF)

Edelson & Krolik (1988)

similar: zDCF, structure function

Lomb-Scargle Periodogram (LSP)

Scargle et al (1982)

BUT: unevenly sampled measurements over a finite observation period

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de


High-energy variability of PKS 1830-211 sarah.wagner@uni-wuerzburg.de

Sarah M Wagner

7

ACF of PKS 1830-211
<latexit sha1_base64="CLsrkv/4PIOdJyjwyW4eJrlc1Iw="></latexit>

Ry(⌧) = E[y(t) y(t+ ⌧)] =

Z +1

�1
y(t) y(t+ ⌧) dt =

Z +1

�1
|Y (s)|2ei2⇡st ds

preliminary

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Colored Noise
Colored noise has characteristic slope in Power Spectral Density (PSD)

Autocorr Theorem: also ACF will have characteristic shape

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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ACF of Colored Noise
Colored noise has characteristic shape in ACF!

we are interested in excess over colored noise

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Lower Envelope
Subtract noise contribution with mathematical description of envelope

preliminary
preliminary

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Preliminary Delay Result

Determine significance with simulated light curves

preliminary

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Available Data

2016 2019

preliminary

preliminary

preliminary

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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• non-thermal leptonic emission (BLAZAR, Moderski et al. 2013)

• spherical emission zone moving along conical jet

• inject energetic particles following a broken power-law distribution 

• integrate emission (SYN, SSC, ERC_BLR, ERC_DT) over injection distance 

preliminary

Multi-wavelength SED

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Multi-wavelength SED

• significant SSC contribution is incompatible with differing amplitudes

• focus on single ERC component (typical for FSRQ) with two distance scales: 

• r_BLR (magenta): cannot reproduce soft x-ray and gamma-rays

•  r_DT_hi (red): fits the high state data well 

• r_DT_lo (green): fits the low state data well (lower break in el distribution) 

preliminary

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Summary

Thank you!

• consistent lag throughout the whole light curve in 
agreement with delay from old radio measurements  

• SED can be modeled with single emission zone and 
external compton emission from the Torus  

• soon to be published;  
currently in internal  
Fermi-LAT review

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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LCs and SDEs

log_10(x)

10^x

Monthly binned Fermi-LAT LCs show characteristic OU parameters..

physical interpretation?

mailto:sarah.wagner@uni-wuerzburg.de
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Particle Acceleration
Fokker-Planck equation


is equivalent to (Arnold 1973)


 
 

a system of Stochastic Differential Equations (SDEs)

dXt,i

dt
= Ai(t,Xt) +

NX

j=1

Bi,j(t,Xt)
dW⌧

d⌧

@f(t,x)

@t
=�

NX

i=1

@

@xi

⇣
Ai(t,x)f(t,x)

⌘
+

+
NX

i=1

NX

j=1

@2

@xi @xj

 
1

2

NX

k=1

Bi,k(t,x)Bi,k(t,x)

!

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
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SED modeling

pc / cm 3,086E+18
Model 1 Model 1a Model 2 Model 2a Model 3 Model 4 Model 5

magnification mu 1 10 1 10 10 10 10
distance r [pc] 0,084 0,084 3,338 3,338 0,324 3,338 0,528
dominant soft photons BEL BEL IR IR BEL IR IR (*)
Lorentz factor Gamma 30 30 30 30 20 30 30
jet half-opening angle theta_j 0,0333 0,0333 0,0333 0,0333 0,05 0,0333 0,0333
viewing angle theta_obs 0,0333 0,0333 0,0333 0,0333 0,05 0,0333 0,0333
magnetic field B [G] 0,7 2,25 0,017 0,037 0,093 0,037 0,027
electron energy distribution gamma_min 1 1 1 1 3 1 1

gamma_br 580 580 900 900 320 115 300
gamma_max 1,0E+4 1,0E+4 1,5E+4 1,5E+4 1,0E+4 1,5E+4 1,5E+4
p_1 1,85 1,85 1,9 1,9 1,9 1,9 1,9
p_2 3,3 3,2 3,3 3,3 3,1 3,1 3,3

electron jet power log10 L_e [erg/s] 46,4 45,4 47,4 46,4 46,5 46,2 46,9
proton jet power (no pairs) log10 L_p [erg/s] 48,9 47,9 49,7 48,7 48,5 48,7 49,3
magnetic jet power log10 L_B [erg/s] 44,1 45,1 44,1 44,7 43,5 44,7 42,9
radiation jet power log10 L_r [erg/s] 46,4 45,4 46,5 45,5 45,8 45,0 45,5
fits X-rays no no yes yes no yes yes

DT_hi DT_loBLR_hi

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Delay and Jet

clearly well separated from the Galactic plane and there are no
significant nearby sources.

To build the gamma-ray light curves, we use a binned
maximum likelihood method4 (Mattox et al. 1996). This
method accounts for sources in the region of interest (ROI),
including pulsar PSR J1809–2332. We model the background
using a galactic diffuse emission model (gll_iem_v05), and
an isotropic component (iso_clean_v05) available at the
Fermi Science Support Center webpage. The fluxes are derived
from the post-launch IRFs P7REP_CLEAN_V15.

The XML source model input to the binned maximum
analysis contains all the sources included in the Second
Fermi/LAT catalog (Nolan et al. 2012) within an annulus
of 20° around the ROI. We first analyze the data based on the
XML source model with free parameters for the sources within
7°; the parameters at larger radius are fixed to their 2FGL
values. We use this XML source model to produce the light
curves.

2.2.2. Gamma-ray Light Curves

Figure 5 shows the light curve for 2008 August through
2015 February with 7 day binning. The energy spectrum is

well described by a power law with ( � o2.54 0.01 and
an integral flux of � o q �F 0.2 300 GeV 1.94 0.02 10 7( – ) ( )

� �photons cm s2 1. The highest energy event was 50 GeV,
detected in the time window MJD 55389–55395. These
energies, in principle, are accessible by the H.E.S.S. II
telescope. Thus detection of PKS 1830–211 may be possible
with H.E.S.S. II.
Figure 5 shows several active periods. We define active

periods as times when the gamma-ray emission exceeds the
average flux by least 2σ. This approach yields four active
periods. The first series of very bright flares occurs in the
period MJD 55420–55620. The second series of flares occurs
in the period MJD 56050–56200. Next, a bright single flare
occurs around 2014 July 28. Recently, on 2015 January 8,
another flare occurred. Figure 6 shows the light curves of these
bright flares.

3. TIME DELAY MEASUREMENT

Gravitationally induced time delays are fundamental mea-
surements in cosmology. In principle, they provide a measure-
ment of the Hubble constant independent of the distance ladder
(Refsdal 1964; Schechter et al. 1997; Kochanek 2002; Treu &
Koopmans 2002; Koopmans et al. 2003; Oguri 2007; Suyu
et al. 2013; Sereno & Paraficz 2014).
Monitoring of gravitationally lensed sources at both radio

and optical wavelengths where the mirage images are resolved
provides a basis for a number of measured time delays
(Fassnacht et al. 2002; Eulaers & Magain 2011; Eulaers et al.
2013; Rathna Kumar et al. 2013; Tewes et al. 2013). Unevenly
spaced data resulting from, for example, weather and/or
observing time allocation, are a challenge for light-curve
analysis. A number of techniques have been specially
developed to utilize these multiple light curves of mirage
images with unevenly sampled data (Scargle 1982; Roberts
et al. 1987; Edelson & Krolik 1988; Press et al. 1992; Rybicki
& Press 1992; Geiger & Schneider 1996; Pelt et al. 1998;
Burud et al. 2001; Pindor 2005; Hirv et al. 2011; Gürkan
et al. 2014).
Fermi/LAT provides a very long, evenly sampled, light

curve with low photon noise. The observed light curve of
lensed blazars is a sum of the mirage images. The challenge is
to extract the time delay and magnification ratio from the time
series informed by the model results based on shorter
wavelength data (Figure 3).
In the following sections, we investigate three different

methods of determining time delays from unresolved light

Figure 3. Time delays and magnification ratios as a function of the distance between the emitting region and the core. Left: total magnification defined as the sum of
the image magnifications. Middle: magnification ratios along the limiting jet projections (indicated by arrows in Figure 2). Right: time delays for the emitting region
located along the limiting jet projections.

Figure 4. Fermi/LAT count map around PKS 1830–211. The map contains
photons in the energy range from 200 MeV to 300 GeV. The count map is
smoothed by a Gaussian kernel of T � n0. 2, with the pixel size of σ = 0 °. 025.

4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
binned_likelihood_tutorial.html

4

The Astrophysical Journal, 809:100 (18pp), 2015 August 10 Barnacka et al.
8.4-GHz observation with VLA, Jauncey et al. 1991

Barnacka et al. 2015

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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PKS 1830-211

Muller et al. 2020 • FSRQ 

• relatively close to galactic 

plane

• gravitationally lensed 

• two images (A & B) with 

core (red cross) and 
faint extension (yellow 
circle)


• separated by ~1 arcsec

• much fainter third image 

(C) neglected here

ALMA

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Summary
Time delay in Fermi-LAT LC of PKS 1830-211

(A) 
Peak


distances

(B) 
Auto


correlation

(C) 
Metric


optimization
19.75 - 26.25 21.96 +/- 0.30 22.38 +/- 5.66

Thank you!• consistent lag 
throughout the whole 
light curve in agreement 
with radio


• currently in internal 
Fermi-LAT review

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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A) Peak distances
Delay induced by gravitational lensing imprinted in structure of light curve? 


apply Bayesian block and HOP analysis (Wagner et al. 2022)

detection of 33 flares (“hopjects”)

distribution of distances between all peaks

preliminary

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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A) Peak distances
Peak distances < 90d in regular (blue) and Bayesian binning (black), total: 80

preliminary

significantly higher probability for distance 

to lay between 19.75 and 26.25 days

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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Metric Optimization

We know behavior of light curve based on lensing


solve for intrinsic light curve


fit for lens observables

define a metric M to judge whether x(t) is a 
“good” intrinsic light curve

find values for lens observables a, t_0 that 
optimize metric 

<latexit sha1_base64="alTI2LqGEvSm37pxo2OISwPqQb8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK0iGWm+NoIRTcuK9iHtGPJpHfa0MyDJCOUoR/gxl9x40IRt36AO//GTDsLbT0QcjjnXJJ7nJAzqUzz28gsLC4tr2RXc2vrG5tb+e2dhgwiQaFOAx6IlkMkcOZDXTHFoRUKIJ7DoekMrxK/+QBCssC/VaMQbI/0feYySpSWuvnCXVGW8AVuJVfRwoeYwH18xCqdkGHVNbEcl3TKLJsT4HlipaSAUtS6+a9OL6CRB76inEjZtsxQ2TERilEO41wnkhASOiR9aGvqEw+kHU+WGeMDrfSwGwh9fIUn6u+JmHhSjjxHJz2iBnLWS8T/vHak3HM7Zn4YKfDp9CE34lgFOGkG95gAqvhIE0IF03/FdEAEoUr3l9MlWLMrz5NGpWydlk9ujgvVy7SOLNpD+6iILHSGquga1VAdUfSIntErejOejBfj3fiYRjNGOrOL/sD4/AGxIZel</latexit>

Y (s) = X(s)(1 + ae�i2⇡t0s)
<latexit sha1_base64="PQCkGReeD80FRUSWH50x+OfChsM=">AAACAnicbZDLSgMxFIYz9VbrrepK3ASL0KKWGfG2EYpuXFawF2iHIZOmbWgmMyRnxDIUN76KGxeKuPUp3Pk2ppeFth4I+fj/c0jO70eCa7Dtbys1N7+wuJRezqysrq1vZDe3qjqMFWUVGopQ1X2imeCSVYCDYPVIMRL4gtX83vXQr90zpXko76AfMTcgHcnbnBIwkpfd6eehgC/xw/A6wKR5aOgIPLvgZXN20R4VngVnAjk0qbKX/Wq2QhoHTAIVROuGY0fgJkQBp4INMs1Ys4jQHumwhkFJAqbdZLTCAO8bpYXboTJHAh6pvycSEmjdD3zTGRDo6mlvKP7nNWJoX7gJl1EMTNLxQ+1YYAjxMA/c4opREH0DhCpu/opplyhCwaSWMSE40yvPQvW46JwVT29PcqWrSRxptIv2UB456ByV0A0qowqi6BE9o1f0Zj1ZL9a79TFuTVmTmW30p6zPH6U0lGg=</latexit>

y(t) = x(t) + a x(t� t0)

<latexit sha1_base64="FdZEa2gig09eGsBczOuVvTjEC0w="></latexit>

x(t) = IFT


FT [y(t)]

1 + a e�i!t0

�

<latexit sha1_base64="kRkl75YMOj/NioDnPeQRLei3nnc="></latexit>

Estimated(a, t0) = argmin M [x(t|a, t0)]

FT

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de
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MO example

Many properties could be utilized 
as metric. One example: 


Variance of intrinsic light curve
<latexit sha1_base64="sczwkrUUdTTSL+Owl75LkUvuVG0=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBah3ZREfG2Eohs3QgX7gDSUyXTSDp1kwsyktISCG3/FjQtF3PoT7vwbJ20W2nrgwuGce7n3Hi9iVCrL+jZyS8srq2v59cLG5tb2jrm715A8FpjUMWdctDwkCaMhqSuqGGlFgqDAY6TpDW5SvzkkQlIePqhxRNwA9ULqU4yUljrmwZ0zKqmyC69gO/D4KBkiMSmlUrljFq2KNQVcJHZGiiBDrWN+tbscxwEJFWZISse2IuUmSCiKGZkU2rEkEcID1COOpiEKiHST6Q8TeKyVLvS50BUqOFV/TyQokHIceLozQKov571U/M9zYuVfugkNo1iREM8W+TGDisM0ENilgmDFxpogLKi+FeI+EggrHVtBh2DPv7xIGicV+7xydn9arF5nceTBITgCJWCDC1AFt6AG6gCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fx9iWWQ==</latexit>

M [x(t)] = var(x(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


https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
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Uncertainty estimation

Estimate uncertainty with bootstrap method = mimic sampling process

not possible for flux itself so use photon arrival times

assume flux is proportional 
to number of photons

assume photons follow 
a Poisson distribution

<latexit sha1_base64="n68YxSWU1Yjr9FWI8xKL7aGmNY4=">AAACH3icbVBNSwMxEM3Wr1q/qh69BIugl7IrWr0IRS+epIJVobss2TRtQ7PJmsyKZdl/4sW/4sWDIuKt/8a09qDWBwOP92aYmRclghtw3aFTmJmdm18oLpaWlldW18rrG9dGpZqyJlVC6duIGCa4ZE3gINhtohmJI8Fuov7ZyL+5Z9pwJa9gkLAgJl3JO5wSsFJYrvmGd2OyexFmPrAHyJKeAiVNnu/hE+ybOw3ZtJeH5YpbdcfA08SbkAqaoBGWP/22omnMJFBBjGl5bgJBRjRwKlhe8lPDEkL7pMtalkoSMxNk4/9yvGOVNu4obUsCHqs/JzISGzOII9sZE+iZv95I/M9rpdA5DjIukxSYpN+LOqnAoPAoLNzmmlEQA0sI1dzeimmPaELBRlqyIXh/X54m1/tVr1Y9vDyo1E8ncRTRFtpGu8hDR6iOzlEDNRFFj+gZvaI358l5cd6dj+/WgjOZ2US/4Ay/AMyypLw=</latexit>

�(Nphotons) =
p
Nphotons

<latexit sha1_base64="UeGZUjdiyhnE7A3jbbJFJC7Ouhc=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBU9gVXxchGBBPEsE8IAnL7GSSDJmdWWZ6xbAEL/6KFw+KePUrvPk3TpI9aGJBQ1HVTXdXEAluwHW/nbn5hcWl5cxKdnVtfWMzt7VdNSrWlFWoEkrXA2KY4JJVgINg9UgzEgaC1YJ+aeTX7pk2XMk7GESsFZKu5B1OCVjJz+1e4Qtcwjd+0gT2AEnUU6CkGQ6zfi7vFtwx8CzxUpJHKcp+7qvZVjQOmQQqiDENz42glRANnAo2zDZjwyJC+6TLGpZKEjLTSsYvDPGBVdq4o7QtCXis/p5ISGjMIAxsZ0igZ6a9kfif14ihc95KuIxiYJJOFnVigUHhUR64zTWjIAaWEKq5vRXTHtGEgk1tFII3/fIsqR4VvNPCye1xvniZxpFBe2gfHSIPnaEiukZlVEEUPaJn9IrenCfnxXl3Piatc046s4P+wPn8AR7Olqg=</latexit>

F = CNphotons

Convert fluxes into time series of photon counts:
<latexit sha1_base64="+juiEL4JdJqTNVNdLdjIfqwrhJ8="></latexit>

Pt = Ft
median(Ft)

median(err2t )
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Uncertainty estimation

1. For each LC bin with flux F and 
width dt —> generate P random, 
uniformly distributed arrival times


2. Set of all photon arrival times can 
be bootstrapped: draw random 
sample with replacement


3. Histogram of this sample 
corresponds to randomized LC 

4.

dt

Run analysis with many randomized LCs and compute mean 
and standard deviation of best fit values for lens observables

https://confluence.slac.stanford.edu/display/SCIGRPS/High-energy+variability+of+the+gravitationally+lensed+blazar+PKS+1830-211
mailto:sarah.wagner@uni-wuerzburg.de


High-energy variability of PKS 1830-211 sarah.wagner@uni-wuerzburg.de

Sarah M Wagner

28

Overall results

preliminary

preliminary

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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LiteratureAuthorlist... : The gravitationally-lensed blazar PKS 1830-211

Table 4. Literature review for time delay between the two images of PKS 1830-211 resulting from gravitational lensing. none means that nothing
was found while - means it was not investigated

Reference Delay [d] Magn. Range Data (binning) Method

van Ommen
et al. (1995)

44 ± 9 1.31±0.02 1990 Jun -
1991 Jul

VLA at 8 and
15 GHz

Assume lensed images each consist of
core, knot and contribution from
Einstein-ring. Determine flux ratio
between those components to derive
time delay and magnification ratio.

Lovell et al.
(1998)

26+4
�5 1.52±0.05 1997 Jan -

1998 Jul
ATCA at
8.6 GHz

Dispersion analysis method with flux
density light curve of compact
component observed in each image.

Wiklind &
Combes
(2001)

24+5
�4 not stated 1996 - 2001 SEST 15 m

telescope
Dispersion analysis method with flux
of compact component in each image
estimated through molecular
absorption features.

Barnacka
et al. (2011)

27.1 ± 0.6 magn 2008 Aug 4 -
2010 Oct 13

Fermi-LAT
(2d, 1d, 23h)

double power spectrum

Abdo et al.
(2015)

none magn 2008 Aug 4 -
2011 Jul 25

Fermi-LAT
(2d, 7d)

auto-correlation

none magn 2010 Oct 2 -
2011 Mar 1

Fermi-LAT
(12h)

(a) auto-correlation: peak at (19 ± 1) d
(b) continuous wavelet transform: no
well-resolved peak

Barnacka
et al. (2015)

23 ± 0.5 magn 2010 Aug 12
- 2011 Feb 28

Fermi-LAT
(1d)

divided 7d binned LC into 4 flares and
used (a) auto-correlation (b) double
power spectrum (c) maximum peak)
delay depends on range of LC!

19.7 ± 1.2 magn 2012 May 3 -
2012 Sep 30

none magn ⇡ 2014 Jul 28
none magn ⇡ 2015 Jan 8

Neronov et al.
(2015)

21+4
�5 & 76+25

�15 3.1 ± 0.5 2008 Aug -
2014 Sept

Fermi-LAT
(2d)

structure function and reproduction of
Abdo et al. (2015) as well as Lovell
et al. (1998)

Abhir et al.
(2021)

none magn 2018 Oct 9 -
2019 Nov 13

Fermi-LAT
(6h, 12h, 1d, 5d)

auto-correlation (peaks in DCF by eye)

auto-correlation but lay out that there is di↵erent delays at dif-
ferent times.

Neronov et al. (2015) explain this with micro-lensing due to
individual stars in the lensing galaxy. They re-do the analysis
from Abdo et al. (2015) (! ⌧ = 26 and 85 d) and Lovell et al.
(1998) (! 23 ± 3 d) to conclude ⌧� = 21 d.

Barnacka et al. (2015) argue that flares originate in di↵erent
emission regions within the jet with the delay in the light curve
being dependent on the distance to the central engine.

Most recently, Abhir et al. (2021) analyzed the extreme flar-
ing behavior of PKS 1830-211 in 2019 and did not find signifi-
cant auto-correlation.

Martinez Vidal, Müller und co rule out micro- and milli-
lensing

5.2. The Auto-Correlation Function

Use discrete correlation function (DCF, Edelson & Krolik 1988)
to determine ACF, i.e. take each pair of flux bins i, j measured at
times ti and t j and compute unbinned discrete correlation func-

tion:

UDCFi, j =
(ai � ā) (b j � b̄)
q

(�2
a
� e2

a
) (�2

b
� e

2
b
)

(5)

with �a = standard deviation, ā = expectation value = mean,
and ea = (mean of??) observational error. discuss normalization
(and detrending) and global vs per bin computation of eg ā

Based on the delay �ti, j = t j� ti between each pair the values
are binned according to

⌧ � �⌧
2
< ti, j < ⌧ +

�⌧

2
(6)

and averaged over the number of pairs M in each bin, yielding
the discrete correlation function

DCF(⌧) =
1
M

X
UDCFi, j . (7)

For the first time to our knowledge, we use an objective
method to determine peaks in the ACF. In a first step, we de-
termine the best piece-wise constant representation of the ACF

Article number, page 5 of 10
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Discrete Correlation Function  
Edelson & Krolik 1988

UDCFi,j =
(ai�ā) (bj�b̄)p

(�2
a � e2a) (�

2
b � e2b)

detrend

normalize

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

as well as the time shift between the corresponding times: �ti,j = tj � ti

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

This can be done over the whole light curve or a certain lag range.
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Discrete Correlation Function
Bias of DCF can be minimized either by 


—> not applying a TS filter or 

—> detrending and normalizing the DCF

biased 

eg dip at center due 

to TS filter

not biased 

(to be discussed)

not biased 

(to be discussed)
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X-ray Spectral Analysis

• Systematically smaller power-law indices 
for independent Swift XRT analysis 

• Swift XRT data is heavily absorbed! 

• NuSTAR data is crucial to determine 
underlying continuum 

• Joint analysis to adequately fit spectral 
properties: 
power-law index ~ 1.4
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2016

2019

Fermi-LAT data


• Note order of magnitude 
difference on y-axis 

• amplitude of gamma-ray 
variability appears much 
larger than x-ray variability 

Gamma-ray 
Spectral Analysis

preliminary

preliminary
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X-ray Spectral Analysis

Simultaneous fitting of:


NuSTAR FPMA    +    NuSTAR FPMB    +    Swift XRT (before)    +    Swift XRT (after)


with 


1) absorbed power-law:   tbabs * powerlaw 

2) double absorbed power-law:   ztbabs * tbabs * powerlaw 

3) absorbed log-parabola:    tbabs * logpar


and


• n_H either free or fixed to Galactic value: n_H = 0.18e22

• normalization free to vary (calibration between instruments)

• for tbabs: z_lens = 0.88
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Gamma-ray spectral analysis

Standard Analysis for spectra:

• Fermitools 1.2.23 & fermipy 0.20.0

• Energy range: 100 MeV – 300 GeV

• Zmax: 90

• Event class: 128

• Event type: 3

• Filter: DATA_QUAL > 0 & LAT_CONFIG == 1

• T in MET: 479433604 – 484444804 (2016); 

• 573177605 – 574041605 (2019)

• ROI: 10 deg

• Galactic diffusion: gll_iem_v07.fits

• Isotropic diffusion: iso_P8_R3_SOURCE_V2_v1.txt

• Catalog: gll_psc_v26.xml

analogously for light curves over the full observation period
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