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Galaxy Evolution 101  «* ~NANOGrav
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Pulsar Timing Arrays (PTAS) <= NANOGrav

PTA: a network of pulsars that can be used to measure
various effects that produce correlations in the arrival
times of pulses from the members of the array.

Harvard Symposium on Gravitational Wave Astrophysics 7 May 2018






Millisecond Pulsars (MSPs) 7’ NANOGrav

Physics Frontiers Center

Out of over 2600 known pulsars, there are now 272 MSPs I S U
(P <20 ms) in our Galaxy, out of roughly 30,000-80,0000 L0 G
detectable. Roughly 100 timed for PTA purposes. |

< & 5
Lt | ¢ L 4 £
? W T + o —15
* ¥ + - .
| L e g
& . * | & * + f 3
* 4 ¢ @
L *‘+tf.’+ . _2
+ + + # -+ é(
+ + *_,1-+IF+ £ ﬁb:q + -
2 * ¢ ¢ + & ' *-‘-‘ * + . 3
+ S t +.+ *+ ’ 20
+
. " CERIE L L
e £ o® 10~ 0.01 0.1 1 10
S

FPeriod (seconds)

Red = part of worldwide PTA timing programs

Harvard Symposium on Gravitational Wave Astrophysics 7 May 2018


Presenter
Presentation Notes
UPDATE FIGURES!


> NANOGrav

P u I sar T| m | N g Physics Frontiers Center

Rotation axis
Mean pulse profile
e R Reference clock \

N

R e TOA |
g K Z)\ J \
o Telescope _/ e P %

Neutron star

Radio beam _| De-dispersion &

on-line folding
Receiver /

Credit: “Handbook of Pulsar Astronomy”, Lorimer & Kramer (2005)

Harvard Symposium on Gravitational Wave Astrophysics 7 May 2018



Physics Frontiers Center

Pulsar Timing «e””NANOGrav

e

1500

1400

Frequency (MHz)
Channel Number

1300

Pulse phase (periods)

De-dispersion: corrects for variable
frequency dependent delays

Folding: Roughly a million
variable pulses added per TOA
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PSR J1713+0747 (P=4.57 ms).
TOASs measured to tens of ns - RMS ~ 70 ns over decades timescales.
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Spin and spin-down
Astrometric

Interstellar medium

Pulsar profile evolution

Red and white noise

Zhu et al. 2015, ApJ, 809, 41
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Sources of Noise in PTA Data
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PTA Sources

For a binary system,

b~ 10" M3 1 DGl —2

Y (4 g)?
_5/3 ~—g/3(1 2
T = 106']\/[8 5/3fyr§/f( +4) yr
q

For a stochastic background,

he(f)=Acws ( / )

F

a=-2/3

(under the simplest assumptions)
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NASA/CXO

Will look like correlated
RED noise in our data.
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Hellings-Downs Curve Physics Frontiers Center

Expected correlation of residuals for pairs of pulsars
versus angular separation on sky. Pulsar terms

uncorrelated. Earth terms correlated. SN
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Can we distinguish GWs from noise? «+* > NANOGrav
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We can also test GR
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And detect single sources through
continuous wave and burst searches

2 S B AN 50 billion solar mass binary with period
o Y AV e of one year at 100 Mpc (3C66B).
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North American Nanohertz s > NANOGrav

Physics Frontiers Center
Observatory for GWs ’

Over 100 students and scientists working to characterize the GW universe at low frequencies
using pulsar timing. An NSF Physics Frontiers Center since March 2015. We welcome new
members and participants at meetings! http://nanograv.org
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http://nanograv.org/

NANOGrav’'s Program <+’ NANOGrav

Physics Frontiers Center

100-m Green Bank Telescope in Green Bank, WV

We use roughly 15% of the time on each telescope
to observe over 70 pulsars at two radio frequencies
every one to four weeks for roughly 20-30 minutes.

300-m Arecibo Observatory
(Lots more time for pulsar searches!) in Arecibo, PR
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NANOGrav Eleven-Year
Data Release

Includes 45 pulsars

Data are public at http://data.nanograv.org

arxiv:1801.01837

The NANOGrav Collaboration, ApJS, 235, 37
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Some Eleven-Year Residuals <
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More Eleven-Year Residuals = Physics Frontiers Center
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Huge increase in timing precision since our

five-year data release due to new backends! i

102
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1400

Bandwidth B (GHz)
5
TOA Uncertainty oroa (ps)

0.3

0.1 0.3 1.0 3.2 10.0
Center Frequency 1y (GHz)

Optimal frequencies analysis (Lam et al. A B W N I
submitted) shows we can do even better with e i
wider bandwidths at higher frequencies. Credit: Paul Demorest
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(Lots of Non-Gravitational Wave Science)

J17134+0747 1.4 GHz Pulse Profile
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Fonseca et al., ApJ,
2016, 832, 167

Jones et al., ApJ,
2017, 841, 2
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Eleven-year Stochastic

Background Analysis

Accepted by ApJ
arXiv:1801.02617

https://nanoqgrav.qgithub.io/
11lyr stochastic analysis/

Full Bayesian analysis.

Accounts for correlated and
uncorrelated noise, including
ephemeris errors.

For the first time, can set

limits with likelihoods
including spatial correlations.

Harvard Symposium on Gravitational Wave Astrophysics
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o O
Physics Frontiers Center
Table 2
Prior distrit used in all performed in this paper.
5 rior
‘White Noise
Ey EFAC per backend/receiver system Uniform [0, 10] single-pulsar analysis only
@i [s] EQUAD pex | backend/receiver system log-Uniform [-8.5,-5] single-pulsar analysis only
Ji [5] ECORR per back system log-Uniform [-8.5,=5] single-pulsar analysis only
Red Noise
Ava red-noise power-law amplitude Uniform [107°, 107'] (upper limits)
log-Uniform [-20,-11] (model comparison) one parameter per pulsar
“Yrod red-noise power-law spectral index Uniferm [0,7] one per pulsar
BAYESEPHEM
Zarn [radfyr] drift-rate of Earth’s orbit about ecliptic z-axis Uniform [-107%, 107%] one parameter for PTA
AMjuinr [Mz]  perturbation to Jupiter's mass N0, 155 % 107" one parameter for FTA
AMym [M5]  perurbation to Satum’s mass N(0,817 x 107 one parameter for PTA
AMaanus [Mz]  perturbation to Uranus’ mass N(0,572 % 107"y one parameter for PTA
AM e [Mz]  perturbation to Neptune's mass N0,796 % 10711y one parameter for PTA
PCA, ith PCA of Tupiter's orbit Uniform [-0.05,0.05] six% for PTA
Monopol Telock-error signal, power.1
Ao Equivalent strain amplitude Uniform 107", 107" ] (upper limits)
log-Uniform [-18,-14] (model comp., v = 13/3) one parameter for PTA
log-Uniform [-18,-11] (model comp., ~ varied) one parameter for PTA
. GWB power-law speciral index delia function fixed, depends on analysis
Dipole-correlated SSE-error signal, power-law spectrum
Agp Equivalent strain amplitude Uniform [107'%, 107" | (upper limits)
log-Uniform [-18,~14] (model comp., ¥ = 13/3) one parameter for PTA
log-Uniform [-18,~11] (model comp., ~y varied) one parameter for PTA
“Fuip GWB power-law spectral index delta function fixed, depends on analysis
GWB, powcr-law spectrum
Agws GWB strain amplitude Uniform (107", 10°""] (upper limits)
log-Uniform [-18,-14] (model comp., yows = 13/3)  one parameter for PTA
log-Uniform [~18,~11] {(model comp., ygwa varied)  one parameter for PTA
YEWE GWB power-law spectral index delta funetion fixed, depends on analysis
GWB, free spectrum
i 151 GWE power-spectrum coefficients at f = i/T uniform in p!/* (1071 1078y ane parameter per freque
GWB, broken-power-law spectrum
Acwr GWB broken power-law amplitude log-Normal one parameter for PTA
Ni-14.4,0.26) MOP14
N(=15,022) s13
N(-14.95,0.12)
N(-14.82,0.08)
Town GWB power-law spectral index delta function fixed to 11‘#1
I3 GWB broken power-law low-freq. spectral index  Uniform [0,7] one parameter for PTA
Socna [Hz] GWR broken power-law bend fi log-Uniform [-9.-7] one for PTA
GWH, Gaussian-p mterpolated 5
o[ GWB power-spectrum coefficients at f = i/T N,V (enn, Puars, €0)) one parameter per frequency
oy y-intercept of My — My, relation Uniform [7,9] one parameter for PTA
puses IMepe™]  mass density ryfgalacl.lc-cnn: stars log-Uniform [1,4] one parameter for PTA
£ hinary icity at fi Uniform [0, 0.95] one for PTA
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Background Analysis 10-
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But, A Puzzle

Originally, our limit did not
improve over our 9-year limit!

For both,
h,< 1.5x107% (f=1yr?)

277777

Five year limit was 7 x 1015 (f=1 yr)
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Physics Frontiers Center
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> NANOGrav

Ephemerides Matter Physics Frontiers Center
Ephemerides are not accurate enough! 1o [ pe0 — oess | _:
When accounting for this, 11-year limitis: &' F 3 1lyr
10-2 | a
h.< 1.45x 10 (f=1yr?) §
1073 _- PRI S T N S "
9-year limit is: _ -
10°
h,< 2.5x 101> (f=1 yr?) ol 9-yr
S0
102 |
Whew! :
103
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Most recent SB limits are beginning to rule k-'“mrgv
out SMBH formation and evolution models

Can constrain astrophysical effects: 10712
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We can set astrophysical constraints

> NANOGrav

Physics Frontiers Center

Astrophysical interpretation by “emulated” spectra trained by simulations.

1 . : —— , '
—— McConnell and Ma
105 [ coeeeenes Kormendy and Ho
10 -~ Sanietal. e {,
------------------ Beifiori et al. %
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Simon & Burke-Spolaor, 2016, ApJ, 826, 1
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More astrophysical constraints o’

> NANOGrav

Physics Frontiers Center
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Continuous Wave Limits > NANOGrav

Physics Frontiers Center
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) > NANOGrav

We an also search for more exotic stuff... Physics Frontiers Center

Dark matter substructure would
cause Shapiro delays and Doppler
effects (Baghram et al. 2011)

*.
u = Frequency f, Hz
Porayko & Postnov 2014
Hertzberg, Siegel, Fry 2007 Warm dark matter could be an ultralight scalar

field, creating a time-dependent galactic
gravitational potential (Khmelnitsky &
Robakov 2014, Porayko & Postnov 2014)
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We can also set the best limits on > NANOGrav

. ) Physics Frontiers Center
cosmic strings
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: . e+’ NANOGrav
Wh en we wi I I m ake a SB d etectl on ’) Physics Frontiers Center

/I |-yr data set (20I6)

) 12 5-yr data set (now)

L
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We need to hold onto our telescopes (roughly $10M/year each).
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> NANOGrav

Want to get there faSter? Physics Frontiers Center
L\ 3/2
SNR NMSP Tl/2 5
ORMS

We need more pulsars (in the right places), higher cadences, better timing precisions
(bigger telescopes and bandwidths).

For single sources, cadence and precision are more important.

(+ better ISM mitigation, noise characterization, ephemerides, etc.)
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The Expanded IPTA < NANOGrav

Will soon be using 16
telescopes in 11
countries, bringing China,
India, and South Africa
into the collaboration.

This will soon be the
most sensitive dataset in
the world for low-
frequency GW detection.

Credit: Shami Chatterjee
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Summary and the Future " NANOGrav

Physics Frontiers Center

The detection and subsequent study of the universe through pulsar timing will allow insights into
galaxy evolution and cosmology not possible through other means, complimenting LIGO at the low-
frequency end of the GW spectrum.

NANOGrav's 11-year data set is the most sensitive in the world for low-frequency gravitational wave
detection. You can grab it at http://data.nanograv.org.

For the first time, we are able to constrain models for galaxy mergers.

Our sensitivity has increased dramatically over the past few years, due to additional pulsars and
iImproved instrumentation. It will continue to increase over the next several years with even more
pulsars, wider bandwidth receivers, and continued access to our telescopes.

Our 12.5 year data release will be published within the next year. 71 MSPs are currently being timed!

Please come to the IPTA meeting and student workshop in New Mexico from June 11-22!
http://ipta.phys.wvu.edu
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