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Noise in Pulsar Timing

O. Lohmer et al.: Frequency evolut

|
Noise sources: A
e Radiometer | k
i i, o |

e Pulse Jitter w
e Interstellar Noise e Y,
e And more :

e,
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Scattering

* Multipath propagation broadens the
pulsar image
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Scattering

= |ntrinsic Pulse
= Pulse Broadening Function

* Multipath propagation broadens the < Area under product
pulsar image

I(t) =aU(t —tg) *x p(t, 7)

Convolution curve

Image Credit: Olivia Young
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0 —— Extended Medium B = 3.667, {=0
0.8 4 Extended Medium 8 = 3.1, =0
S Catterin —— Extended Medium 8 = 3.975, =0
g 5 0.6 - Extended Medium 8 = 3.667, {=5.0
%: 0.4
. . 0.2
* Multipath propagation broadens the
. 0.0 -
pulsar image v 1 v T . T .
t/ T
I(t) =aU(t —tg) * p(t, 7) .
' —— Thin Screen 8 = 3.667, {=0
. . . 0.8 - Thin Screen 3 =3.1,=0
* The pulse broadening function (PBF)is —— ‘Thin Screen f = 3.975, {~ 0
£ 0.6 - —— Thin Screen B = 3.667, {=5.0
dependent on the spectrum of turbulence =  Decaying Exponontial
and the extent of the intervening plasma & 04
0.2
_ 2 —B_—(q/ai)’
P(S’n’e (q) N qu € 0.0 -

g =2r/l; B=11/3 —komogorov © 1 Gt 7
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Scattering

PBF

* Scattering time 1s the time of decay
of the PBF to 1/e of 1ts max

1/e =

Time w—)

+ NANOGrav Fall Collaboration Meeting 10/8/24



Scattering

PBF

* Scattering time 1s the time of decay
of the PBF to 1/e of 1ts max

e Scattering time 1s frequency-dependent

T

T(v) =710 (V/v0)

Time w—)

+ NANOGrav Fall Collaboration Meeting 10/8/24



Scattering

* Scattering time 1s the time of decay
of the PBF to 1/e of 1ts max

e Scattering time 1s frequency-dependent
T(V) — 70 (I//VO)_XT X’T — 22/5 — Kolmogorov
XT — 25/(6 — 2) BEWARE — exponential XT — 4

+ NANOGrav Fall Collaboration Meeting 10/8/24 8



Modeling Scattering: PBFs

t—B/2

Thin screen PBF's

(= L/lq
mm ().01
0.10

— ]
Exp

—t/Ti

. . . e_t / Te
Exponential PBF: thin screen, single 1
characteristic scale of inhomogeneities,

Gaussian 1mage . 104
:
o
~—
=)
= 1078
10—12_
B=11/3
0.01 1

NANOGrav Fall Collaboration Meeting 10/8/24
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Modeling Scattering: PBFs

Exponential PBF: thin screen, single

characteristic scale of inhomogeneities,
Gaussian 1mage

Generally, this 1s a poor assumption

10—8 i

10—12 i

NANOGrav Fall Collaboration Meeting 10/8/24

e—t / Te Thin screen PBFs

(= L /1g
m— ().01
0.10
m— ]
— 10
— Exp

t—B/2

—t/Ti

B=11/3

0.01 1 100 10 106

t /T
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Modeling Scattering: PBFs

1.0 simulated t = 4.2 —— Simulated Pulse (8 = 11/3)
Fitted =88 [} ... Fit Using Exponential PBF

Exponential PBF: thin screen, single
characteristic scale of inhomogeneities,
Gaussian 1mage

Pulse Intensity
o
w

Generally, this 1s a poor assumption

0-0 I R ———— R N A

0.05 A

.
* .
. . P
* - L I RS,
0.00d oo 2 ST
. .
s -
.
Lo

Residuals

|
e
o
a

-0.5 0.0 0.5
Pulse Phase
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Modeling Scattering: PBFs

Intrinsic Width = 0.07

0.1+

0.01 ~

—— Simulated EM 8 = 11/3
—— Best Fit Exponential

4.5

1.0 1.1 1.2 1.3 14 15 16 1.7 1.8 1.9 2.0
Frequency [GHz]
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Modeling Scattering: Intrinsic Shapes

Intrinsic pulse shapes evolve over
frequency, often with multiple
components

+ NANOGrav Fall Collaboration Meeting 10/8/24
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Modeling Scattering: Intrinsic Shapes

Exponential Simulated and Fitted PBF

* Intrinsic pulse shapes evolve over
frequency, often with multiple

components | mtrinsic wiam \
0.01 — 0.01
~ty —— 0.03

0.1 7

. . . . . . . 1 — 0.04
 Misestimation of the intrinsic width ; 0.041
also biases 7(v) .-
X 2| = —
20 A
~
> 101

1.0 1.1 1.2 1.3 14 15 16 1.7 1.8 1.9 2.0
Frequency [GHz]
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J1903+0327 2132 [MHz]

p—
(o)
]

* Highest DM pulsar observed by n
NANOGrav: 297.53pc cm ™ >

Normalized Intensity
o
Ol

o
()
|

—

0.0 0.5 1.0
Pulse Phase

+ NANOGrav Fall Collaboration Meeting 10/8/24 15



1160 [MHZz] 1260 [MHZz] 1360 [MHz]

J1903+0327

0.5 A

* Highest DM pulsar observed by | | —

NANOGrav: 297.53pc cm™°

1460 [MHz] 1560 [MHz] 1660 [MHz]

1.0 A

0.5

* Heavily scattered and a poor timer

' 1760 [MHz] 2132 [MHz]

Normalized Intensity

1.0 4
0.5 1
0.0 A1

0.0 0.5 1.0 0.0 0.5 1.0
Pulse Phase
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1160 [MHZz] 1260 [MHZz] 1360 [MHz]

J1903+0327
0.5 1 7 1
Highest DM pulsar observed by | |
. -3 0.0 1 - i
NANOGrav: 297.53pC CIIl 2 1460 [MHz] 1560 [MHz] 1660 [MHz]
9 1.0 - -
=
Heavily scattered and a poor timer % 0.5
é 0.0 - -—-JJ | — | P—
12.5-year dataset collected at Arecibo % Lo e
at L-band and S-band
0.5 A
0.0 -
00 05 10 00 05 1.0

Pulse Phase
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Methods

Naturally, reconciling the mtrinsic
and PBF shapes 1s a challenge

+ NANOGrav Fall Collaboration Meeting 10/8/24
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Methods

P(t) / Pmax

Naturally, reconciling the intrinsic 021

—— Extended Medium 8 = 3.667, {=0

- Extended Medium 8 = 3.1, =0
—— Extended Medium 8 = 3.975, =0
Extended Medium B8 = 3.667, {=5.0

and PBF shapes is a challenge 00-

e (Choose a PBF 1.0

P(t) / Pmax

—— Thin Screen 8 = 3.667, {=0

- Thin Screen 8 =3.1, =0
—— Thin Screen B = 3.975, =0
—— Thin Screen B = 3.667, {=5.0
—— Decaying Exponential
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Methods
Naturally, reconciling the intrinsic %—35?
and PBF shapes 1s a challenge g
* Choose a PBF i

g 0.05
* Model average intrinsic shape Z

o
1

[§)[enld)] o
111 1

NANOGrav Fall Collaboration Meeting 10/8/24

1160 [MHz] 1260 [MHz] 1360 [MHz]
| Ti'u/s/'\ i‘]\ N

1460 [MHz] 1560 [MHz] 1660 [MHz]
1 t=83 us T=57 us T=43 us

1760 [MHZz] 2132 [MHz]
| t=34 us =15 us
OTO 0?5 1.'0 OTO PuIS%TSPhaselTO
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1531 MHZ Déta ' X2 =1.07
0.154 — Best Fit Profile with T = 61 us
B
Methods
=
& 0.051
eqe . . . =
Naturally, reconciling the mtrinsic a
. 0.00 A
and PBF shapes 1s a challenge )
[ 0.01 A
=
T 0.001
* Choose a PBF g ~0.01
0.0 0.5 1.0 1.5 2.0
. . . Time [ms]
* Model average intrinsic shape 300 —

7(1.5 GHz) = 68.7 £ 0.7us
X, =4.744+0.08

* Fit for 7(v) at each epoch with
this PBF and intrinsic shape

12 13 14 15 1.6 1.7
+ NANOGrav Fall Collaboration Meeting 10/8/24 Frequency (GHz) 21



Scattering and DM Variability

Best Fit PBF: Thin screen with
B=11/3,( = 1.0 —; ~ 1400km

ST

1_
O—T\—l_‘—‘—‘_,_l/—"\‘_‘—l_,—l_,’\_\—‘—ll

Years
2012 2013 2014 2015 2016 2017 )
# TS, B=3.975, (=0 ¢ EM, B=3.667, {=0.5 [
>; 6 j é TS,,[3=;3.667, 7=1.0 4 Exponential Rt %C) 0
51 o ° ® o o ° oS N’““O. —
4] R228 P F s oW 3§ s wens X
L S TR g @ 8 :
71101 weltt gattsSa t § 150 W Q:&.‘ %.‘ [
2 CILUR VRS R 1 : Nt >
== 90 - < 0
'9 704 eee ®® ot M ° %o RS ......:0 % ogee’ i % S -
A o 0o
R E— g
[ ]
g 0.00 R ;
& —0.02 1 T T T T .'~... T % -1 4
56000 56500 57000 57500 58000 6
M]D
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400 600 800
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Refraction: Underlying Cause of Variability

RF=2.1 GHz DM=300 pccm™3 |;=4.91au l,=45au ¢f, =280 rad = 235743 rad RF=2.1GHz DM=300 pccm= | =4.91au l,=45au ¢r, =280 rad ¢,=235743 rad

78.40 ps 69.89 us
3
2

56.09 us

112.20 ps

65.65 ps

Scattered images

T T T T T T

(0] 200 400 0 200 400 T T T T T T T

13.13 x13.13 mas Time (us) -3 -2 -1 0 1 2 3

Pulse broadening functions

(G

8, (mas)
I
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TOA Shifts and Application to Timing

* Scattering TOA shift: cross
correlation of scattered pulse and
intrinsic shape

+ NANOGrav Fall Collaboration Meeting 10/8/24
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TOA Shifts and Application to Timing

Single Gaussian and Decaying Exponential

Profiles

* Scattering TOA shift: cross 1.0 T
correlation of scattered pulse and ;| — ooz
Intrinsic shape 0.088

P i 0.6 1 }\¥

* Mean shift regime: ¢, = 7 only  °*
for exponential PBFs with 0.2
T << W;

0.0 -
0 2 4 6 8
T/W
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TOA Shifts and Application to Timing

Stmulated J1903+0327 Thin 8 = 11/3,( = 1.0

- Profiles
* Scattering TOA shift: cross | T
correlation of scattered pulse and 1 -
intrinsic shape 8- 0.088
P w0 N A\ S
-I: 0.6 1 OiO Of5 110
* Mean shift regime: ¢, = 7 only 04
for exponential PBFs with .
T << W; '
0.0 .
0 1 2 3 4 9) 6
T/ W
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Discussion and Conclusions

* Assumptions of mtrinsic and PBF shape are extremely important
for scattering analysis

* J1903+0327 variable scattering is likely explained by a refraction
timescale

* Application to timing is tricky

Paper circulated to Noise Budget and Timing and will be available to all
soon!
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Frequency [MHz]

Thin Screen 5 =11/3,( =1.0

Intrinsic Pulse Shape

Extended Medium 0 = 3.1, = 0.0

Deviation from 2132 MHz Intrinsic Pulse Shape Deviation from 2132 MHz
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1760 A
1660 -
1560 -

—_
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@)}

o
1

1360 -
1260 A
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XD x5
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1160 A .

rrria
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0.00 0.25 050 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Pulse Phase

0.00 0.25 050 0.75 1.00
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Intrinsic Shape Difference PBF Shape Difference
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| IL Normalize
{1 N
N
1 P
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