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Einstein’s theory of gravity—the general theory of relativity' —is
based on the universality of free fall, which specifies that all objects
accelerate identically in an external gravitational field. In contrast
to almost all alternative theories of gravity?, the strong equivalence
principle of general relativity requires universality of free fall to
apply even to bodies with strong self-gravity. Direct tests of this
principle using Solar System bodies>* are limited by the weak self-
gravity of the bodies, and tests using pulsar-white-dwarf binaries>°
have been limited by the weak gravitational pull of the Milky Way.
PSR J03374-1715 is a hierarchical system of three stars (a stellar
triple system) in which a binary consisting of a millisecond radio
pulsar and a white dwarf in a 1.6-day orbit is itself in a 327-day orbit

nonlinearity of gravity, and -, which measures the degree to which
gravity curves space-time. Both of these parameters take the value 1
in general relativity. We chose a point-particle Lagrangian that per-
mits arbitrarily strong gravity internal to the bodies and parameterized
post-Newtonian interactions between them'®. We then used computer
algebra!! to construct equations of motion. Each orbit was specified by
an initial system configuration at modified Julian date (M]D) 55,920.0
(2011 December 25 00:00:00 utc). The evolution of this configura-
tion was governed by (3, v and the strong equivalence principle (SEP)-
violation parameter A. Because the self-gravity of the pulsar (which is
a neutron star) exceeds that of the white dwarfs by a factor 10* and the
SEP violation that we seek arises from self-gravity, we neglect possi-



“Pulsar Timing”

Using pulsars as precision clocks
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Pulsar Timing Model

Input to PTAs

Basic Method:

Actual Pulse’TOA
— Theeretical Model
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What does this

Model is complete!
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PSR JI1012+5307:
P =0.005255749014115410
+/- 0.000000000000000015s

> 100 billion pulses in the last
15 years, and not a single one
missed



Pulsar binary



Pulsar Recycling

Alpar, Cheng, Ruderman & Shaham 1982
Rhadakrishnan & Srinivasan 1982

Saxton, NRAO

LMXB (some IMXB) Radio (some also g-ray)

Millisecond pulsars are the products
of astrophysical accretion



Keplerian Timing Effects

Dynamic Spectrum: Ter5_030ctC4_DM236.50.dat

Can est. m2’s
min. mass

IIE'

596.45
Frequency

Need mass function + two other equations for m1, m2, and i



Post-Keplerian Effects

P\ .
Periastron adv. W =3 (2%) (T. 1‘4)2“"'3 (1- 32)_1
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1/3
| P " 2/3 5 r-4/3
Grav. redshift 7 T "M """ m, (m, +2m,)

Orbital decay

1927

Shapiro delay

Depend on m1, m2, and the Keplerian parameters
Measure any 2 PK params and get m1, m2



Nobel Prize Physics 1993

Russell Hulse & Joseph Taylor C

“for the discovery of a new type of pulsar, a
discovery that has opened up new
possibilities for the study of gravitation"

General Relativity Prediction ,—
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Pulsar riddle

PSR J0337+1715
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Pulsar riddle
PSR J0337+1715
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LMXB II

PSR J0337+1715

Tauris & van den Heuvel (2014)



Pulsar riddle
PSR 10337+ I 7 I 5 Dynamical interactions

between the two nested
binaries

PSR Rotations
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Pulsar riddle
PSR J0337+1715
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J0337+1715

Parameter Symbol
Fixed values
Right ascension
Declination
Dispersion measure
Solar system ephemeris
Reference epoch
Observation span
Number of TOAs
Weighted root-mean-squared residual
Fitted parameters
Spin-down parameters
Pulsar spin frequency f
Spin frequency derivative f —
Inner Keplerian parameters for pulsar orbit
Semimajor axis projected along line of sight (as
Orbital period Py 1
Eccentricity parameter (e sin £2) €1
Eccentricity parameter ) €1

Time of ascending node tasc,1

- Timing model

Pulsar mass: 1.4378(13) MSun
“Inner” WD mass: 0.19751(15) MSun
“Outer” WD mass: 0.4101(3) MSun

Outer Keplerian parameters for centre of mass of inner binary

Semimajor axis projected along line of sight
Orbital period Pyo
Eccentricity parameter (e sin (2) €1,0
Eccentricity parameter (e cos 2) €0
Time of ascending node

(asini)p

lasc,0
Interaction parameters
Semimajor axis projected in plane of sky (acosi)y
Semimajor axis projected in plane of sky (a i
Inner companion mass over pulsar mass qr =
Difference in longs. of asc. nodes
Inferred or derived values
Pulsar properties
P
P

Pulsar period

Pulsar period derivative

Inferred surface dipole magnetic field B

Spin-down power E

Characteristic age T

Orbital geometry
ar
ey

wr

Pulsar semimajor axis (inner)
Eccentricity (inner)

Longitude of periastron (inner)
Pulsar semimajor axis (outer)
Eccentricity (outer)

Longitude of periastron (outer) wo
Inclination of invariant plane i
Inclination of inner orbit

Angle between orbital planes
Angle between eccentricity vectors

ao

€o

i
d;

O ~ WO — wr
Masses
Pulsar mass
Inner companion mass
Outer companion mass

mp
Mer
meo

101(8) It-s

You are impressed by all
these high-precision
numbers!

1.4900(5) It-s
91.42(4) It-s
7(4)
x 10

. 9) x 10-20
22 x 108G

3.4 x 10% ergs™!

2.5 % 10%y

4) It-s
78(2) x 107*

4(10
1.20(17) x 10
- (19) ¢

1.4378(13) 1
1

Ransom et al. 20:1 4



Can’t distinguish by local experiment
between effects of acceleration and
gravity.

We fall

Nick Strobel, Astronomy Notes



Strong Equivalence Principle

All objects should fall with same acceleration regardless of their mass or composition



Effects of an SEP violation

Key idea: test whether two bodies fall the same way in the
gravitational field of a third
Need: binary falling in an external gravitational field

« Earth and Moon falling in Sun’s gravity (LLR) W ‘
, S 1 SHms STaviy T2 (TS
- Pulsar-WD binary falling in Galactic potential (e.g.

Gonzalez et al.)

* Triple system: pulsar and inner WD falling in gravity of
outer WD

Fractional difference in acceleration (A = My /M; — 1) shifts
the massive object’s orbit in the direction of the external
acceleration
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Effects of an SEP violation

Key idea: test whether two bodies fall the same way in the
gravitational field of a third
Need: binary falling in an external gravitational field
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As the outer white dwarf
orbits the inner binary,
an SEP violation would
raise an excess
eccentricity directed at
It.
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Effects of an SEP violation

Key idea: test whether two bodies fall the same way in the
gravitational field of a third
Need: binary falling in an external gravitational field

- Earth and Moon falling in Sun’s gravity (LLR)

- Pulsar-WD binary falling in Galactic potential (e.g.
Gonzalez et al.)

* Triple system: pulsar and inner WD falling in gravity of
outer WD

Fractional difference in acceleration (A = Mgy/M; — 1) shifts
the massive object’s orbit in the direction of the external
acceleration

As the outer white dwarf
orbits the inner binary,
an SEP violation would
raise an excess
eccentricity directed at
it.



Tel. Band Num. Hours Date range

AO 1400 92 58.9 2012 Mar - 2017 Mar
GBT 1400 172 236.0 2012 Feb -2017 May
WSRT 1400 439 836.7 2012 )an-2013 jul
AO 430 36 129 2012 May - 2017 Mar
WSRT 350 20 17.3 2012 Feb - 2013 Jul

Arecibo Observatory (AO) Green Bank Telescope (GBT) Westerbork Synthesis Radio Telescope (WSRT)



No adequate formula is known for directly describing the three-body orbit, so we use
direct integration of equations of motion:

F} = Mj,,aj, (1)
and ——
B i.6MR,G .
Fi==2_ 2 )
k J

A standard ODE solver allows us to calculate an orbit given initial conditions.

This scheme is easily adapted to allow gravitational mass different from inertial mass.



Relativistic timing model

- Nordtvedt (1985) derives a “point particle” Lagrangian

 Taylor expansion around the Newtonian Lagrangian

 Lorentz invariance and symmetry used to eliminate terms

- Bodies may contain strong fields but internal structure is frozen

* Fields away from bodies approximated to first post-Newtonian order
- Computer algebra straightforwardly yields equations of motion

« Direct integration simulates orbits

. 1 M; oM; . V: + v}‘?‘ 3y (vi - Tii)(v; - )
- rij 2 2 2
1)
M; M 1 M; 6M: cMp,
n by (v; _v})z n (_ B 5) i,G™j,G"k,
2 Fij 2 o Fijrik

10



Testing the SEP

Years

2012 2013 2014 2015 2016 2017
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In principle we simply:

* include A in the timing model,
- fittiming model to TOAs, and
« determine best-fit values and uncertainties.

Ideally, the value of A and its uncertainty would determine how well we constrain SEP
violation and whether GR is violated.

But: only correct once we've accounted for all systematics, and formally the effects of A
are constrained at the 7 ns level. 11



Known systematics

Cause

Remedy

Profile variation with frequency
Telescope polarization variations
Intrinsic profile variations
Interstellar DM variations
Interplanetary medium effects
Tidal effects in inner WD

GW losses

Red noise

Uncertainty in DE435 ephemeris
Kopeikin and inverse parallax
Kabouters

TOAs no more than 20 MHz
Matrix template matching

,

Variable DM fitting

IPM fitting

Too small

Too small

Too small at freq. of interest
Position fitting

Too small
,

We need to estimate the impact of unknown or poorly modeled systematics. [



The signature of an SEP violation

Key idea: look for structure in the residuals that looks like SEP violations.

SEP violation produces a shift in the pulsar’s orbit toward the the outer companion:
approximately a sinusoid with frequency 2finner — fouter-

Years
2012 2013 2014 2015 2016 2017
[ | | [ [ |
v 10- ! } I ¢ o3 I .
3‘ 50 .: ° I 8¢ s 4ls o L@ s ? ¢ IO TR E 2.5 :0‘:3“ B 3 . 1 N
) i “,::“ #_ ° 3 ° Pl o { ‘o B |l g l' 2 s i o off o =|
© O, i it 1;5“,::1» q! i' !' !! i 'l gt | h : u !lh' “
-g _5— ° ‘. i ‘0.. °.: ' o. !. 1 :..o ¢ :':. ... o.' 528 i o.' ’ *
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56000 56500 57000 57500
MJD
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The signature of an SEP violation

Key idea: look for structure in the residuals that looks like SEP violations.

SEP violation produces a shift in the pulsar’s orbit toward the the outer companion:
approximately a sinusoid with frequency 2finner — fouter-

nonzerodelta_nonlinear residuals

//

0 1 2 3 4 5
Outer orbital phase 13
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Fit residuals
(us)

o

Inner orbital phase
(turns)

Inner orbital phase
(turns)

'
(¢)]

Outer orbital phase
(turns)

Fit residuals
(us)

Signature of A
(ns)



Wiggles in our residuals

Look at sinusoids with frequency Rfiner + fouter:

| I | | | | |
3 b ~ » \ 4 o i
[ERg \
5 =
P R 7\‘ i /7 i
25 N
Lo \ A
22 4L ~ \ ' |
o3 r’a N
cE
£ ol |
50 ns " ‘ -~ :
| | | | | | |
-3 -2 -1 0 1 2 3

Outer orbital harmonic
(mUItIpIe Of fBAmItrr)

Estimate no more than ~77ns in the SEP position based on distribution of all arrows.
14



Best-fit values

When we carry out the basic fitting, we obtain
A=(-114£0.2)x107°.

But: that's a o corresponding to a 7 ns uncertainty. If we take into account all the
wiggles we see in the data from our arrow plot we get a more realistic o corresponding
to a 22 ns uncertainty:

A= (-11£0.7)x107°

We conclude that our result agrees with General Relativity at the 1.60 level.

15



An upper limit on SEP violation

With the best-fit value and uncertainty we computed, we can set a 2o upper limit on SEP
violation. We can say that for a 1.4378M, neutron star, its acceleration differs from that
of its white dwarf companion:

Al <2.6x107° (Triple system)

Fundamentally, this difference in acceleration is the key quantity we limit. So we
constrain any theory that predicts such an anomalous difference in acceleration, for
example, Einstein-Aether or scalar-tensor theories.

But: how does our result compare to existing tests?

16



An upper limit on SEP violation

With the best-fit value and uncertainty we computed, we can set a 20 upper limit on SEP

violation. We can say that for a 1.4378M, neutron star, its acceleration differs from that
of its white dwarf companion:

Al <2.6 x107° (Triple system)

The wide pulsar-white-dwarf binary PSR J1713+0747 falling in the Galactic potential gives:
Al <2x 1073 (WB)

But: how do we compare this to lunar laser ranging or dipole gravitational wave tests?

16



The Nordtvedt parameter

'In PPN we measure a theory’s SEP violation by using the Nordtvedt parameter:
Eq
Mc?
Lunar Laser Ranging constrains the Earth-Moon-Sun system to |A| < 1.3 x 10—, and for
the Earth E;/Mc?> ~ —4.5 x 107, s0 |ny| < 2.4 x 10~*.

A:’ON

In the triple system, the pulsar interior is not 1PN!

17



The Nordtvedt parameter

In PPN we measure a theory’s SEP violation by using the Nordtvedt parameter:
Eq
Mc?
Lunar Laser Ranging constrains the Earth-Moon-Sun system to |A| < 1.3 x 10—, and for
the Earth E;/Mc?> ~ —4.5 x 107, s0 |ny| < 2.4 x 10~*.

A:’ON

In the triple system, the pulsar interior is not 1PN!

We can calculate the “strong-field Nordtvedt parameter” 7y the same way:

£

Mc?

Since |A| < 2.6 x 10~®and E;/Mc? ~ —0.1, |fin| < 2.6 x 107> — improving on LLR by a
factor of about ten.

A =17y

But: funny things can happen in the strong field!

17



Quasi-Brans-Dicke scalar-tensor theories

These theories include a scalar field ¢ in addition to the metric that mediates gravity.
Matter responds to a modified version of the metric:

~ 2 ¢
gl“/ — ez(a0¢+180¢ /2)gu1/

The scalar field is sourced in matter:

G*
06 = — 2 (00 + Bod)T.

ch

If By < —4 spontaneous scalarization can occur, resulting in order-unity deviations from
GR in strong fields, no matter how small the weak-field effects are.

18



Our constraint on quasi-Brans-Dicke theories

a -1.0 b -1.0
=15 -15
-2.0 -2.0
) C)
= s
E ]
g o
o o
=251 S~ SIS —2.5 Cassini
0337 0337
~3.0 4 -3.0
-3.5 . r : DlrectISEP tests 35 : : IndlrectISEP tests
-6 -4 -2 0 2 4 6 -6 -4 =2 0 2 4 6
Po Bo

Our constraint |A| < 2.6 x 10~° rules out the light-gray area. 19



Pulsar triple system PSR J0337+1715

* Archibald, Gusiriskaia, Hessels et al. 2018, Natuie

versallty of free fall

Gravitational mass
A/

A:%—l
mi

=~ Inertial mass

Tests’ the foundation on which

“Einstein’s theory of gravity,

general relativity, 1s bullt:
e Used 1200hr of WSRT, GBT and
~ Arecibo data to see If pulsar and
white dwarf fall differently towards a
2nd white dwarf companion.
e Find equal accelerations to within a
few parts in a million. Best-ever test
~of the strong equivalence principle:

IA| < 2.6 x107°



lange How Things Fall?
BSRJ0337+1715

Microsecond-accurate measurements of the
arrival times of the radio pulses show

no difference between the accelerations of
" the pulsar and the inner white dwarf at the
.. level of three parts per million
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Universality of Free Fall from the Orbltal Motion of a Pulsar ina Stellar Triple System g ‘Even Wlth |ts extreme g raV|ty' the pu Isa r fa I IS

Nature, 2018 July 5
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