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Abstract: <span>Neutron stars possess the strongest gravitational fields

among stellar objects in the Universe that are not surrounded by a horizon.

This causes the emission from their surfaces to be strongly lensed and

deformed. Two upcoming space X-ray missions, ESA's LOFT and NASA's NICER, am
to use observations of lightcurves from spinning neutron stars to map their

gravitational fields as well as measure their masses and radii. In thistalk, |

will discuss some unexpected strong-field phenomenathat affect gravitational

lensing in the vicinity of neutron stars. | will then show how we can use these
phenomenato measure strong-field frame dragging and break degeneraciesin the
measured neutron-star masses and radii.</span>

Pirsa: 13020126 Page 1/54



Exploiting the Strong Gravitational Fields
of Neutron Si}tars to Measure their Properties

Dimitrios Psaltis
University of Arizona

Pirsa: 13020126 Page 2/54




collaborators: ] Univ. of A"ZO'! “ |
- | ™ W TR

-

-.'

-
/

4, I3\ \Q Large ObseruqtmyForX-ray Tlming

—ﬂ : i
!K - el

Neutron'star Intérior Composition Explore'R“ oSy—

a NASA Explorer

Pirsa: 13020126 Page 3/54




There is significant uncertainty in predicting the properties of
neutron stars from first-principle calculations:

Radius (km)
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There is significant uncertainty in predicting the properties of
neutron stars from first-principle calculations:

| Demorest et al. 2010
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Spectroscopic measurements of the surface emission from neutron stars
have already led to remarlcable constraints on their radii...
|

-+ |
— 41)1608-52
— EX01745-248
411820-30
K$1731-260
G}$1826-24
—o— U4 in NGC6397

Ozel 2012

2
2
=

\

5

Pirsa: 13020126 Page 6/54



Pirsa: 13020126

P (Mev fm™)

T Y e v e
1000 = ’ -
K NS f -
- APA ”
7 GS1
100 |- ‘ d
- ,/" .. N :
10 :_’/{ il -
oz ]
T'/ El
It | \ | 1 | B | 1
0.2 O G R
p (baryons fm™)
Ozel, B 8 010

Page 7/54



Pirsa: 13020126

P (Mev fm™)

1000

100

L] lllll‘l

1 | ¥ |

1 1 1 sl t 1 s yeeasl

1 ll!llll

0.4 0.6

0

.8

1

p (baryons fm™)

.

Page 8/54



Spectroscopic technique:s have reached their limiting accuracy.
as dictated by:
|
The intrinsic variability of ;'{

the neutron-star surface emisision

Guver, Psaltis, Ozel 2012
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Spectroscopic techniques have reached their limiting accuracy
as dictated by:
|
The intrinsic variability of |
the neutron-star surface emis| sion

Uncertainties in the flux
calibration of X-ray detectors

PCARMF v11.7 (e2c 205v04)
PCARMF v11.1 (e2¢ c05v03) ~
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The lightcurve from a sgot on a spinning neutron star encodes
the properties of its spacetime and hence of the neutron star itself
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The lightcurve from a sgot on a spinning neutron star encodes
the properties of its spacetime and hence of the neutron star itself
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Strong-field lensing allows us to observe the “back” side
af neutron stars

Stfandard EOS
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Lightcurves from neutiron stars with strong gravitational fields
are: heavily suppressed

2M/R=1/4

g

2M/R=1/2
S 2M/R=1/1.7

Pechenick, Ftaclas, & Cohen 1983

measuring th

| e amplitude of pulsations (modulo geometric factors)
leads to measurement of the M/R ratio of eact

1 neutron star
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|

| . .
measuring| the amplitude of pulsations

(and hence the M/R ratio of each neutron star) requires:

|
(i) identifying neutron stars with emission that is
predomimnantly from their surfaces

(ii) dealing with the unknown geometric factors
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a NASA Explorer to be deployed".on the ISS, with a proposed launch giate in 2016

X-ray silicon drift detectors at 0 2-12 keV,
with concentrator optics, .,
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The primary targets for LO‘IFT are bursting neutron stars
|
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The localized burning front|gives rise to oscillations at the neutron-star
spin frequency, which have| been observed

Counts s~ °
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Strohmayer et al, 1997
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In dealing with both types pf targets we need to take into account of the

geometric factors: .~‘
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In dealing with both types pf targets we need to take into account also
of the moderate spin freunncies of the neutron stars.
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LOFT targets
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In dealing with both types pf targets we need to take into account also
of the moderate spin freunncies of the neutron stars.

|
NICER targets

LOFT targets
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Geometric and Special Relativistic
effects distort the lightcurves

Flux (arb)
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Geometric and Special Relativistic
effects distort the lightcurves

Flux (arb)
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What is th':‘e Spacetime of a Neutron Star?

Spinning

Spinning

Mod
Spinﬁ;:;ely Oblate Hartle-Thorne

Fast . Detai

'For spacetime elements to be accurate to within ~5%,

for a
neutron star with M=1.4 Mo, R=10 km, and [=1045

g cm?
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Even at moderate\spin frequencies, the appearance of
the neutron-star s'furface is highly distorted
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Baubock, Psaltis, Ozel. & Johannsen 2012
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Neglecting the oblateness leads to >5-10% errors in the

‘predicted lightcurves
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Neglecting the oblateness leads to >5-10% errors in the
‘predicted lightcurves
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The goal s to use ar| observed lightcurve

To infer parameters:

M_ass, Radius, Oblateness, Moment of Inertia, Quadrupole
Size of Spot, Colatitude of Spot, Observer’s Inclination
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We can reduce the number of parameters by using approximate
relations for the Oblatene'ss, Moment of Inertia, and Quadrupole, e.g.,
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We can reduce the number of parameters by using approximate
relations for the Oblateneiss, Moment of Inertia, and Quadrupole, e.g.,

1.20

1.15

1.10

1) @R’ /M)
Baubock et al. 2012

2
p

-4
~

(=4

~

Page 38/54



We can reduce the number of parameters by using approximate
relations for the Oblateneiss, Moment of Inertia, and Quadrupole, e.g.,
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Mass (Mo)

Pirsa: 13020126

Radius (km)

Mass (Mo)

) D) a0 Ne 0
NOI0 9 Eo JIVE U
2 (0, depenaing o
o(le d I'eld S dildIE DE = C
DDSE zlaloMale oo
3.0 T ! T T
25 i st-1Hz i
2.0 d
1.5 i
1.0 . 1 1 1 |
6 8 10 12 14
Radius (km)
- 0

Page 40/54



Pirsa: 13020126

Mass (Mo)

3.0

2.0

1.5

‘lo

L] i

RMS
fNS. 1 HZ

o
%
/ /
N\ Q'.G Q.‘h

o

o\®

o
e

A

N\

AN

N

N

RN

- o AT | et
////e;x e
: i
6 8 10 12 14
Radius (km)
armo aamental ratio
0.00

Mass (Mo)

0 0 D) d NE 0
DOIOME 9 S JIVE 9
R (and., aependaing o G
Qeome 4 I'ela S anale pe CE
ppnserver and no N0
3.0 1 T 1 T T
C,/C,
35 fNS-'lHZ i
2,0+ 4
1.5+ i
1.0 . A 1 1 |
6 8 10 12 14
Radius (km)
= 0

Page 41/54



Pirsa: 13020126

Mass (Mo)

3.0

RMS

K fNS-GOOHz

Radius (km)

Mass (Mo)

JUElidLeE Q 9 J
. > - OO = 9 -
9 Q =E dl d =
3.0 T T T T T
C,/C,
ol fis=600Hz
- [
S
2.0
L5
S / / gy i
Q s
1.0 '/ g S A
6 8 10 12 14
Radius (km)
» 0

Page 42/54



fs=600Hz

| Ma1.6M,; R=10 km Color oscillations provide two

additional pieces of information
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Combining these measurements breaks the degeneracies between
the fundamental and geometric parameters

Radius (km)

LOFT simulation; 1Mphotons Psaltis et al. 2013
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.' CONCLUSIONS

Observations of Iu htcurves from Spmnmg neutron stars

with NICER and LQFT will lead to accurate measurements
of their masses, r dii, and EOQS

The rapid spins of ‘neutron stars that show thermonuclear
bursts is both bad’(we need elaborate spacetimes) and
good (they can help break degeneracies) News.

Breaking the degeneracies in the measurements requires
(i) measuring harmonic amplitudes to a 0.1% level
(if) measuring color oscillation amplitudes to a 0.5% level

(iif) measuring phase differences between flux and color
oscillations to <1% of a cycle
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x.l CONCLUSIONS

Observations of IuI htcurves from spmnihg neutron stars

with NICER and LQFI‘ will lead to accurate measurements
of their masses, qadu and EOS

The rapid spins of ‘neutron stars that show thermonuclear
bursts is both bad'(we need elaborate spacetimes) and
good (they can help break degeneracies) news.

Breaking the degeneracies in the measurements requires

(i) measuring harmonic amplitudes to a 0.1% level-
(if) measuring color oscillation amplitudes to a 0. 5% level

(iif) measuring phase differences between flux and color
oscillations to <1% of a cycle
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Combining these measurements breaks the degeneracies between
the fundamental and geometric parameters
I

Radius (km)

LOFT simulation; 1Mphotons Psaltis et al. 2013
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