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Stars

Stars are excellent, free
laboratories.

> Blue stars on the left and
red on the right.

» The Sun consumes hydrogen
in its core — main sequence.

» Supergiants become neutron
stars.

» Giants consume hydrogen in
a shell and helium in the
core,

» And become white dwarfs.
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How big are compact objects?

White Dwarfs

. . 2
Gravity yields: Py ~ G,QZ
Relativistic degenerate electrons

mec?
Py ~

m
—— M=—_ER3
A3 A3
Solving yields
m m3
R=X—,M=—F
“mp’ m?

R ~ 10,000km, M ~ 1.4M
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Neutron Stars
GM2

Gravity yields: Py ~
Relativistic degenerate neutrons

2
MmpC 3
Py~ - M=-2R
0T TN )\3
Solving yields
mp m,33
R=XA—M=—5
mp m?

R~ 17km, M ~ 1.4Mg
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

How strong can white-dwarf fields be?

Let's calculate the expected magnetic field of a white dwarf.

> The magnetic field of the
Sun is about 50 Gauss.
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> The magnetic field of the
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» A white dwarf is the radius

of the Earth.
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How strong can white-dwarf fields be?

Let's calculate the expected magnetic field of a white dwarf.

> The magnetic field of the
Sun is about 50 Gauss.
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» Flux freezing: ® o BR?.

1sh 14 13" 12" nn
\~
e b
. —1® URSA +50°
. MAJOR
.. . \
omst mios .
| o +40°
: 63
< ms .
v .M .
. * @ CorCaroli
*CANES .
BOOTES ¢ " VENATICI L .
i1 4631
R
M3
. COMA
* BERENICES
X +20°
o hd e ..
14h 130 2h
@ 0 o: o s e SKY]

. Heyl — CAP 2015 Probing Physics with White Dwarfs and Neutron Stars



White Dwarfs

Magnetic White Dwarfs
Cooling White Dwarfs

How strong can white-dwarf fields be?

Let's calculate the expected magnetic field of a white dwarf.

> The magnetic field of the
Sun is about 50 Gauss.

» A white dwarf is the radius

of the Earth.

» Flux freezing: ® o BR?.
> B~ 50G (109)? ~

500kG = 50T.

. Heyl — CAP 2015
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

How strong can white-dwarf fields be?

Let's calculate the expected magnetic field of a white dwarf.

> The magnetic field of the DL B
Sun is about 50 Gauss. o T A

» A white dwarf is the radius A e .
of the Earth. A e e T

» Flux freezing: ® o BR?. N - R .

» B ~50G (109)? ~ oot e
500kG = 50T. R

» Magnetic Ap stars have w0\ G S -
1 kG fields and are bigger ST
than the Sun. o o .. ]3" 'ZIAUM
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

How strong can white-dwarf fields be?

Let's calculate the expected magnetic field of a white dwarf.

>

v

The magpnetic field of the e e e e v
Sun is about 50 Gauss. e <A )

A white dwarf is the radius " ST .. . )
of the Earth. L f e | e

Flux freezing: ® o« BR?. R - ' )
B ~ 50G (109)* ~ s
500G — 50T. . a——
Magnetic Ap stars have wl N\ ”gm_“ " -
1 kG fields and are bigger iy o araroll '
than the Sun. o o . * ‘ZlAum

B ~ 100MG = 10*T.
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

White Dwarf Spectra

. PG1015+-014 : Left (Euchner et al. 2006), Right (Keck;Heyl)
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

Axions and White Dwarfs

White dwarfs have exquisite
polarimetric observations, finding
no linear polarization to the few
percent level.

Their fields are weaker 10879 G,
but the stars are bigger, and we
know the field geometry.

Gill, Heyl 11
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

PG 1015+015

Spectropolarimetry
constrains the structure of
magnetic field.
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PG 1015+015

White Dwarfs Magnetic White Dwarfs

Cooling White Dwarfs

Spectropolarimetry

constrains the structure of

magnetic field.
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

Axions and White Dwarfs

Let's look at more strongly
magnetized white dwarfs:
PG 10314234 and

SDSS J234605+385337.
The observed minimum
polarization of a few
percent excludes some of
the currently allowed
region for axion-like
particles.
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

Axions and White Dwarfs

Horizontal Bra

Let's look at more strongly
magnetized white dwarfs:
PG 10314234 and

SDSS J234605+385337.
The observed minimum
polarization of a few
percent excludes some of
the currently allowed
region for axion-like
particles.

CAST (Phase-I)

SN 1987A

Cosmology
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mg (eV)
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

47.Tucanae
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White Dwarfs Magnetic White Dwarfs
Cooling White Dwarfs

Globular Cluster 47 Tucanae
Hubble Space Telescope = ACS/WFC = WFC3/UVIS

NASA and ESA STScI-PRC15-16a
J. Heyl — CAP 2015 Probing Physics with White Dwarfs and Neutron Stars



White Dwarfs

Cooling White Dwarfs

Magnetic White Dwarfs
Cooling White Dwarfs
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White Dwarfs

Magnetic White Dwarfs
Cooling White Dwarfs

Relaxation

Color Magnitude Radial Distribution
Diagram 10 (0 <R < 160 arcsec)
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Neutron Stars

Magnetic Neutron Stars
Cooling Neutron Stars
Superconducting Neutron Stars

» The first neutron stars to
be identified were radio
pulsars.
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Neutron Stars

» The first neutron stars to
be identified were radio

pulsars.

» Over 2,000 are now

known.
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Cooling Neutron Stars
Superconducting Neutron Stars
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Magnetic Neutron Stars
Cooling Neutron Stars

Neutron Stars A
< Superconducting Neutron Stars

Neutron Stars

» The first neutron stars to
be identified were radio
pulsars.

1071 107 10712 1071 10710

1071

» Over 2,000 are now =
known.

» Lots of flavours — not
even including the
accretors.

10719 1075 10717 10716

ATNF Pulsar Catalogue _]
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Magnetic Neutron Stars
Cooling Neutron Stars

Neutron Stars A
< Superconducting Neutron Stars

Magnetic Fields
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Magnetic Neutron Stars
Cooling Neutron Stars

Neutron Stars A
< Superconducting Neutron Stars

Why does this matter?

Heyl, Shaviv 02
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Magnetic Neutron Stars
Cooling Neutron Stars
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Neutron Stars

Why does this matter?
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Quasi-Tangential Region wang, Lai 09
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Neutron Stars

This is not subtle.

Magnetic Neutron Stars
Cooling Neutron Stars
Superconducting Neutron Stars

Let's recap.

» Neutron star atmospheres
emit polarized light.
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Magnetic Neutron Stars
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Neutron Stars A
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This is not subtle.

Let's recap.
» Neutron star atmospheres
emit polarized light.
» The emission varies across
the surface.

» The rotating magnetic field
twists the polarization.
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Magnetic Neutron Stars
Cooling Neutron Stars

Neutron Stars A
< Superconducting Neutron Stars

This is not subtle.

» The rotating magnetic field
twists the polarization. 0

Let's recap. oal a
» Neutron star atmospheres r 1
emit polarized light. er ]

(2] r 4

» The emission varies across 04l ]
the surface. i v .
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log,, ((v/1 Hz ug,) + 101)
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Magnetic Neutron Stars

Neutron Stars

Drift plane

Auger electron track
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Magnetic Neutron Stars
Cooling Neutron Stars

Neutron r A
eutron Stars Superconducting Neutron Stars

XIPE

GPD window

' ET-X mirror
' Jpcoffing photons side
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Magnetic Neutron Stars
Cooling Neutron Stars
Superconducting Neutron Stars

Neutron Stars

» The cumulative distribution
is the ML estimate of the
cooling curve.

J. Heyl — CAP 2015 Probing Physics with White Dwarfs and Neutron Stars



Magnetic Neutron Stars
Cooling Neutron Stars

Neutron Stars A
< Superconducting Neutron Stars

Neutron Stars

» The cumulative distribution
is the ML estimate of the
cooling curve.

> In a cluster the weight of a
white dwarf is the reciprocal
of the birthrate within the
fields that form the sample.
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Magnetic Neutron Stars
Cooling Neutron Stars
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Neutron Stars

» The cumulative distribution
is the ML estimate of the
cooling curve.

> In a cluster the weight of a
white dwarf is the reciprocal
of the birthrate within the
fields that form the sample.

> Weight each successive
neutron star by the
reciprocal of the birthrate
within the volume from
which it was found.
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Magnetic Neutron Stars
Cooling Neutron Stars
Superconducting Neutron Stars

Neutron Stars

Neutron Stars

» The cumulative distribution (aaas :
is the ML estimate of the s : 3
cooling curve. 6of E

RX J1605.3+3249

» In a cluster the weight of a “ i E
white dwarf is the reciprocal 2"’ = E
of the birthrate within the E: E

581

— No SF 1.3M,

fields that form the sample.

. — 1P 1.36M;
» Weight each successive Gi: 1P 13584e
neutron star by the Cf
reciprocal of the birthrate 27 e
within the volume from 3003540 A5 50 55 60

which it was found.
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Magnetic Neutron Stars
Cooling Neutron Stars
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Neutron Stars

Superconductivity

In a lab superconductor the
distance between vortices is
~ 1pum, and their size is

~ 100nm.
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Neutron Stars

Superconductivity

In a lab superconductor the
distance between vortices is
~ 1pum, and their size is

~ 100nm.

In a neutron star we have

4h
~4/—==T7B =19
. eB 12pt 4

-‘ﬁ =
Essmann & Trauble 1967
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Superconductivity

Neutron Stars
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-‘ﬁ =
Essmann & Trauble 1967
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In a lab superconductor the
distance between vortices is
~ 1pum, and their size is

~ 100nm.

In a neutron star we have

4h
. eB 12pt 4
and
mc?
AL = Tp151
L 87q2n p151m
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Magnetic Neutron Stars
Cooling Neutron Stars
Superconducting Neutron Stars

Neutron Stars

Casimir Force

2500 T T T T T T
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Neutron Stars Superconducting Neutron Stars

Circle Packing
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Circle Packing
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Magnetic Neutron Stz
Cooling Neutron Stars

N .
eutron Stars Superconducting Neutron Stars

Consequences

> For fields less than 10'? G the flux tubes will be about
seventeen Compton wavelengths apart with large regions free
of flux tubes.
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Consequences

» For fields less than 1012 G the flux tubes will be about
seventeen Compton wavelengths apart with large regions free
of flux tubes.

» For fields between 1012 G and 2 x 1012 G, the tubes will be
evenly and closely packed (like the conventional model).
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Consequences

» For fields less than 1012 G the flux tubes will be about
seventeen Compton wavelengths apart with large regions free
of flux tubes.

» For fields between 1012 G and 2 x 1012 G, the tubes will be
evenly and closely packed (like the conventional model).

» For fields between 2 x 10'2 G and 5 x 10'? G the flux tubes
will be either about eight or seventeen Compton wavelengths

apart forming a (probably irregular) lattice filling the entire
region.
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seventeen Compton wavelengths apart with large regions free
of flux tubes.

» For fields between 1012 G and 2 x 1012 G, the tubes will be
evenly and closely packed (like the conventional model).

» For fields between 2 x 1012 G and 5 x 102 G the flux tubes
will be either about eight or seventeen Compton wavelengths
apart forming a (probably irregular) lattice filling the entire
region.

» For stronger fields, the tubes will be evenly and closely packed
(like the conventional model).
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Consequences

> For fields less than 10'? G the flux tubes will be about
seventeen Compton wavelengths apart with large regions free
of flux tubes.

» For fields between 1012 G and 2 x 1012 G, the tubes will be
evenly and closely packed (like the conventional model).

» For fields between 2 x 1012 G and 5 x 102 G the flux tubes
will be either about eight or seventeen Compton wavelengths
apart forming a (probably irregular) lattice filling the entire
region.

» For stronger fields, the tubes will be evenly and closely packed
(like the conventional model).

» These bounds are qualitative as we need to model the
superconductor more accurately.
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