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1. OVERVIEW PULSAR SCATTERING 4

PULSAR SCATTERING THEORY

Multi-path propagation of radio waves due to electron density gradients in the ISM
» Observe scattering tails in average pulse profiles at low frequencies

» Require description of distribution in scattering angles and time delays and their
frequency dependencies |

interstellar
medium
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PULSAR SCATTERING THEORY - THIN SCREEN MODEL

» Scattering takes place
at single location
along the line of sight
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1. OVERVIEW PULSAR SCATTERING

PULSAR SCATTERING - BROADENING FUNCTIONS |

Isotropic Scattering

Scattering screen scatters
isotropically

Anisotropic Scattering

Distribution scattering angles shows
directionality

Simple case: circularly symmetric
Gaussian distribution in a

Simple case: asymmetric Gaussian distribution
distribution oyx # oy

fe=7"tet"U (1)

T =Dlo?/ec
D
D; - D8(1 - D )7
plasma scattering, o, < v2

leads to T < v*

1 ot Ll 1 t 1 1
Jt = ——e¢ Q(T”+T”)T(0u— — = —))
JTaTy 2\, Ty

in the extreme case 1D scattering

fe=e Y7 /(NTT)U(1)
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Ji

PULSAR SCATTERING - BROADENING FUNCTIONS

Isotropic Scattering Anisotropic Scattering

] 0L :
| Distribution scattering angles shows

\
\ — . . .
\ {ﬁm directionality
a Laniso
= Jup Simple case: asymmetric Gaussian distribution
distribution oyx # oy
1 1 L.{.L t 1 1
Jo= e 20, 5(- - )
VTzTy 2°Ty Ty

in the extreme case 1D scattering

0.0 0.1 02 0.3 04 0.5
time () fe=e YT /(Vatr)U(t)

|
at 150MHz, midway screen at 1.5kpc
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2. THEORETICALLY EXPECTED RESULTS

THEORETICAL EXPECTATIONS

» Gaussian scattering: 7 « v Pla) = Crelko2 + 2Nlbetar2 expl-a2/dki)

» Kolmogorov Turbulence: T « v44

LITERATURE MEASURED o VALUES

» Lohmer et al. 2001: a = 3.44 (9 sources, at high DMs)
» Lewandowski etal. 2013: a=2.77 - 4.59 (25 sources)
» Lewandowski et al. 2015: aa = 2.61 - 5.61 (60 sources)

» Smirnova et al. 2014 using RadioAstron: B0950+08, a = 3.00
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FITTING TECHNIQUE - ‘TRAIN MODELS

LONG TRAIN METHOD

TRAIN METHOD

Gaussian pulse train

lISM broadening function

(4] 1 > X r X o
N

Scattered pulse train

>
2
P J \2r) \3r) \4PJ \spJ \6P P 2P 3P 4P 5P 6P
tume time time
'3 s P SRS
8 E ﬁ '\',
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FITTING TECHNIQUE - ‘TRAIN MODELS

w T=2P

g E: R ! » Train Method - simplest, fastest

9 30.001 ‘\-‘.\ ‘

= EF 107 o { » Deals effectively with high levels of
< g 1077 \"-.,.. scattering where pulses are smeared
O £ 10 %\\ | into one another

"'E § 00 ""‘-.,.': » Keeps track of flux ‘lost’ due to high
a 0 10 20 31(\; 0 50 60 levels of scattering

\ <4— Non-observable flux
P 2P 3P 4P 5P 6P

time time time

TRAIN METHOD
mtensity
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FITTING TECHNIQUE - “TRAIN + DC MODEL

60 MHz, simulated ~—1.2610,

0.0016 ’
. . R ) — Train T—1.0767 L. Ua0Y
» Fits for underlying Gaussian 0. Q08¢ ‘ Train + DC7 12741101018 |
arameters (mu, sigma, A) 0.0012
P » SI9 ! 0.0010
0.0008¢}
» Fits for scattering timescale tau 0.0006!
0.0004 ¢+
» Add DC offset 0.0002 kg
0.0000¢} TR
-0.000 L . L L -
» It works 6.0 0.2 0.4 0.6 0.8 1.0
time (sec)
30 ‘ Freg: 69 MHz 30 rrgq: [+19) IV;HZ ' 25 rreg: 1uu mMrz '
- B Train - Bl Train E Train
B Train + DC ' @ Tain+DC| 20 B Train + DC
n 20 . Best check | 20 Best check Best check
1= 15+ |
O 15¢
8 10+
10
5 5
8. 1.0 1.1 1.2 1.3 14 1.5 1.6 8.34 0.36 0.38 0.40 0.42 0.44 0(.)150 0.155 0.160 0.165 0.170 0.175 0.180 0.185
7 (sec) T (5ecC) T (5ec)

Geyer , Karastergiou MNRAS (2016) 462 (3)
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LOFAR SOURCES

» Selected 13 slow (non-ms) pulsars

» Observed with LOFAR Core stations

» Scattered at HBA frequencies (110 - 190 MHz)

» LOFAR: Provides a large bandwidth at low frequencies (80MHz/150MHz)
» Simple profile shapes (approximated by single Gaussian component)

» DM range: 50 - 220 pc cm?

y Selected from Commissioning data, Census data (190, DEC > 8) and some

overlapping Cycle 5 LOFAR timing data
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PSR J0614+2229 (B0611+22)

PSR J061442229 at 124.4 MHz PSR J061442229 PSR J0614+2229
1) 1] 1] 1 1 v 1 1] 1 ] 1 LA ' 1 1 1 1] ]
— 7974+ 1 ms 10’ ; ‘l a=21%01 | —_ 141 ! - : | -
1500 | _ 116 417 - i A oa—-31+03 | '23 (.
. 7154 17ms ' v a— 19401 £ 120 !
.%) - a—24+03 t’
g 1000 | | A KI5 | 200
=~ 8 *  Ourfit to K15 || g
= _ ® ® Kuzmin 2007 |1 R
n 1 |
5 50 F 1~ " g 60
< " K. -2} = i .
. - : '.. ‘ g 2 Ut =t 1
A 20
1 1 1 1 1 l.)—3 1 1 1 1 1 1 1 1 1 1 1
ooc 005 010 015 020 025 030 100 150 200 250 300 350 110 120 130 140 150 160 170 180 190
time (sec) v (MHz) v (MHz)

» RED FIT: Isotropic model, BLUE FIT: Extreme Anisotropic (1D) model
» scattering indices () are lower than theoretical models predict
» often closer to theoretical values for anisotropic models

» recover the flux lost due to scattering
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PSR J1922+2110 (B1920+21)

ssno PSR 4192242110 at 122.1 MH PSR J1922+2110
- 7:65+3ms
e § == 7:1T9+18ms |
—~ )| 1L
> _ :
= 1500 F
E 5 |
;?1mm \g t A
o =2.010.2
5 . )| Boes
& 50 A a=33+04
= 4 A LI5 4
0 r'—-“"'-'-'J | A Alukar 1986 )
A Lohmer 2004
—51)). : ' — ' : 3= : 1
0 02 04 06 08 10 100 150 200 250
time (sec) v (MHz)

PSR J1922+2110

s [\ & ADM:0.0820 = 0.0025 pe.ers
l - . -
TN A ADM00G63 = 10023 pe.cr

1“ 1 1 ~
0.0 0.5 10 15 20
AIJJ (Sec) »* W)=

» measure DM corrections due to scattering effects

» most often an overestimation



6.4 - only 6 datapoints, 2 lowest have ‘I 6
massive error bars for ANISO!

3. LOFAR ANALYSIS AND RESULTS

RESULTS TABLE

Pulsar Isotropic Scattering Extreme {1D) Anisotropic Scattering

7150 (ms) o ADM (pc cm—3) 7150 (ms) o ADM (pc em™2)
JUOO1045716 10+ 2 2.2+0.2 0.0378 £ 0.0021 86 + 8 2.71+03 0.0113 £ 0.0022
J0117+5914 (Co) TX0 22+01 0.0082 £+ 0.0009 14 +1 35+04 0.0041 £ 0.0011
JO117+45914 (Ce) 811 1.910.2 0.0064 L 0.0006 16 1 2 26102 0.0038 L 0.0006
J0543+2326 10+1 2.6 £0.2 0.0155 £ 0.0020 17 £ 2 27103 0.0031 £ 0.0020
J0614+42229 (Cb) 15+ 1 1.9+0.1 0.0030 £+ 0.0007 44 +4 24103 —0.0033 = 0.0006
J06144-2229 (Cy) 150 21+0.1 —0.005310.0006 44 + 3 3.11+0.3 —0.0109+0.0008
JO742—-2822 201 2 3.8104 0.0013 L 0.0027
J185141259 61 1.0+ 041 0.0261 £ 0.0022 1011 17041 0.0158 £ 0.0017
J190941102 42+ 3 35+04 0.0351 £+ 0.0085 120 =27 6407 —0.0276 £ 0.0077
J1913—-0440 (Co) 9+0 2.7+ 0.2 0.0240 £+ 0.0009 16 £1 3.0 0.3 0.0161 £0.0011
J1913-0440 (Cy) 70 3.3+0.1 0.0457 = 0.0003 121+0 4102 0.0381 £ 0.0003
J1917+1353 11+1 2.8 +04 —0.1004+0.0025 21 +2 3606 —0.1167+0.0028
J192242110 42+ 2 2.0+ 0.2 0.0829 + (0.0025 85 + 6 33+04 0.0663 + 0.0023
J1935+1616 2011 3.410.2 —0.0635_1.0.0030 46 1 4 39105 —0.0836 L 0.0038
J22574+5909 31+2 26 +0.41 —0.031710.0058 B8 + 9 31%£0.6 —0.053040.0050
J2305+-3100 9+0 15+0.1 0.0184 + 0.0035 11+0 20£0.1 00144 +0.0023
{ex) 2.7 +0.2 3.5+04
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ORIGIN OF LOW SCATTERING INDICES?

10 ———————— ;

L & Lohmer 2001 Truncated screens - can reproduce the

A A Lohmer 2004 . . . .
J|[ ¥ Jonhston 1998 et al a distribution with ~100 AU screens

® ® LOFAR

¢ @ L15 Full set Lohmer et al _

L13 Full set The dominance of truncated screen could

6% Y L15 Selected set . . . .

%+ L13 Selected set * decrease with increase in distance/DM

100 161 162 163
DM (pc/cm?)

Lohmer 2001 suggested lower a with
an increase in DM

We see low a at low DMs

10%

el g §

[

200 AU ST=4
Bl 300AU B8T=5
Bl 300 AU, 8T=3

B 360 AU, ST =3
| 350 AU, ST =2
® & LOFAR

10 15 20 25 30 35

dist (kpc)

10 45 50
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4. IMPLICATIONS AND DISCUSSION Simulated 19

80 MHz Input: +1 —(1.399s, 72'_('1.0'143. rﬂ?_O.IBSs

W 0.008
- o 5 . , ‘ == Train + DC 7 0.1232 £0.0029 |
ANISOTROPY REQUIRED? 7 w.omo oo f B
. = ! .
» Does our data require anisotrof ‘ gjggi 'I \(,
scattering models? T kR BT 0,003 [ W
0.002: M Nl}'
» Not strictly g 3::; %\JMNM MMMWMM&]{W
—0-004 5 0.2 0.4 0.6 0.8 1.0
» Tempting in some cases (4 pulsars):

120 MHz Input: +1 —0.070s, 72 —(.009s, rafa—ﬂ.0263

0012 A == Train 4+ DC r=1L0365 1 0.0013
. 2 . 0.010}
» goodness of fit (y4 , KS) slightly better for
. . 0.008¢
anisotropic model W
0.006} [
0.004 i \

» anisotropic ADM corrections between epochs

lead to more similar DMs 3:23 M N 'M%U{x WMI}%

. : : : —0:008 5 0.2 0.4 0.
» «avalues isotropic and anisotropic models are time (sec)

1.0

well separated

Geyer et al. MNRAS (2016) 462 (3)
» anisotropic a values closer to theoretical values
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ANISOTROPY REQUIRED?

>

Does our data require anisotropic
scattering models?

Not strictly

It definitely is a mechanism that can cause
perceived low a values

Simulated data: shown that fitting anisotropic
data (e.g. A = 3) with isotropic model lead
low o values

Existing evidence for anisotropy - e.g Brisken
pulsar, parabolic arcs in secondary spectra
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Geyer et al. MNRAS (2016) 462 (3)



A A Lohmer 2004
/\ /\ Lohmer 2001

a,b,c=-5.0,1.9,0.1
L15 Power Law

L15 Quadratic

Bhat 2004 Quadratic

10?
DM (pc/cm?)
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NEXT. ..

» Time domain analysis is not the most sensitive to analyzing IISM properties
» But even in time domain we see anomalous effects

» Interferometric imaging, including space-ground experiments, could be key in
investigating the typical sizes of scattering surfaces

» Scintillation results are required for precise scattering measurements at higher
frequencies to aid the investigation of the frequency dependence of a. (Break
in power law?)

» Best tests for anisotropy come from high resolution dynamic spectra

» Test whether estimated flux loss is regained in pulsar imaging - ongoing work
(Will not be so, if flat spectra are due to inner scale instead)
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NE DID IT/ WE CLEARED ' MARS, HERE e e, ARE YOU '\ WHAT? DIDNT
| EARTH'S ORRBIT/ WE COME ! : I SURE THIS | YOU BRING
| ' X 1S THE WAY?/ THE MAP ?/

THE END
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