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Pulsars

gt Spinning and magnetized
AXIS
RADIATION neutron stars
s BEAM M ~1-2M,
R ~10-15km

The lighthouse model of
emission:

» A beam of radiation is
generated near the
magnetic poles

» The beam sweeps along
the line of sight of the
observer

» We detect a periodic pulse

RADIATION e Extreme stable but not constant
BEAM periods: the star spins down
because of the EM emission




Pulsar Timing

TOAS . Pulse Period
. ] |—
Times Of Arrival
of pulses at the
observatory | | | | | | |
0 2 4 6 8
Time {s)

Manchester, R.N. and Taylor, J.H., Pulsars, Freeman, 1977

How to measure the period:
* QObserve the TOAs.



Pulsar Timing

TOAS . Pulse Period
. ] |—
Times Of Arrival
of pulses at the
observatory | | | | | | |
0 2 4 6 8
Time {s)

Manchester, R.N. and Taylor, J.H., Pulsars, Freeman, 1977

How to measure the period:
* Observe the TOAs.
* Insert them in a simple spin down model:

1 1
N =v,(t —ty) + 5 Vo(t — tg)? + A Vo(t —tg)3 + ...



Pulsar Timing

TOAs : FPulse Period
S———"

Times Of Arrival

of pulses at the

observatory | | | | | | |

Time {s)
Manchester, R.N. and Taylor, J.H., Pulsars, Freeman, 1977

How to measure the period:
* Observe the TOAs.
* Insert them in a simple spin down model:

1 1
N =vy(t—ty) + = vo(t —tg)? + = Vot —tx)3 + ...

2 6
* Minimize the fractional part of N
Time Residual : 2~/
Vo

Time residuals are normally distributed around zero but ...



e Sudden jumps in the spin frequencies:

Pulsar Gli

=~ 107 11-1075

tches

e Giant or Vela-like glitches:

v — _ Av
« —~107%-107", ~107*-1
» rough periodicity.
e Slow post glitch relaxation
EI|||| N R RRLL 1|4|||||||| T T T Illlq'l'l_a
le-10f -
z :
L le15 ]
T
o
QL
« radio pulsar
: " e 3
le-20 =<2 O extibits glitches 4
x  measured braking index
compact central object
isolated neutron star
i L vl ] Lol Lol
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Timing residuals (ms) Timing residuals (ms)
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Why studying glitches?

Double HE E}ISLE"I'IS.

Nucleons Nucleons+Exolic Strange Quark Matter . .
8 10 11 12 13 14 15
Radius (km)

Demorest et al.



Neutron star structure

chull\Jn])rip [ T o — — ——_ [ ] A~ —_— °
e, . Atmosphere Atmpspherg. 0.1-10cm;
S~ _"=y partially ionized plasma;
Inner Crust R > QOuter Crust
~05p, b —— ~o e~ uter Lrus
0 ———a_ <o Z...,\ Coulomb Crystal of Nuclei | ¢ Quter crust: ~ 0.1 — 0.5 km;
=~ e on gas .
S~ 7 N a lattice of heavy and
~ N~ N . . .
o "'-\ n NN neutron rich nuclei coexist
Outer Core n . S with a gas of degenerate
Y
25, z N k. electrons;
N .
m A WY * Inner crust: ~ 1 km; a lattice
\ . .
\\ \ ‘.‘ of heavy nuclei even richer
\ ‘,‘ ’41 in neutrons, a superfluid of
. ", I dripped neutrons and a gas
~(3-9) p 1 1 A
U e > < R of ultra-relativistic electrons;
(9-12) km (1-2) km

Roca Maza et al.

Outer core: uniform nuclear matter npe u : superfluid neutrons and
superconductive protons, electrons and muons.

Inner core: hyperons? A Kaons condensate? A Pions condensate? A plasma of
deconfined quarks and gluons?



Superfluidity

Long post-glitches relaxation
times

Pairing gap in cold nuclear matter
~1—2 Mev

—

Observative proof for the presence
of superfluidity inside NSs

Protons and neutrons are expected
to be superfluid inside NS
(T<1keV)



Superfluidity

* Long post-glitches relaxation N Observative proof for the presence
times of superfluidity inside NSs

e Pairing gap in cold nuclear matter Protons and neutrons are expected
~1—2 Mev to be superfluid inside NS
(T<1keV)

e VXv,=0 —— a superfluid can
rotate only by forming an array of
quantized vortices

Lounasmaa and Thuneberg



Superfluidity

* Long post-glitches relaxation N Observative proof for the presence
times of superfluidity inside NSs

e Pairing gap in cold nuclear matter Protons and neutrons are expected
~1—2 Mev to be superfluid inside NS
(T<1keV)

e VXv,=0 —— a superfluid can
rotate only by forming an array of
quantized vortices

e A non dissipative drag arises when a
superfluid is in contact with an other
fluid (entrainment):

Pn = mn[vn + En(v'p - vn)]

Lounasmaa and Thuneberg



The two components model

* ‘Normal’ component: charged particles (core) and ion lattice (crust)

* Superfluid component: neutrons (core) and dripped neutrons (crust)

chuL:un Dri

~0.5p,

-213“

~(3-9) p,

m e ———_ Ty, Atmosphere
-~ ~
-~
Inner Crust T~ ~_=<=—— Outer Crust
TR - = *-.;e ~ Coulomb Crystal of Nuclei
=~ e ~ ~ + electron gas
s Z 0 NN
~ NN
e ~ N NN
Outer Core n N AN
\\ NN
\\ SR
H \ \
\ Voo
\ p

a

(9-12) km



The two components model

* ‘Normal’ component: charged particles (core) and ion lattice (crust)

* Superfluid component: neutrons (core) and dripped neutrons (crust)

Neutron vortices in the crust are
believed to be pinned, i.e. blocked
in a potential well due to their
interaction with nuclei.

pinning

————— superfluid
crust

spin-down

relaxation

B>
Andersson N.

 The normal component slows down (external electromagnetic torque)

 The neutron superfluid can slow down only if it expels a vortex

* Vortices are pinned —> alag builds up among the two components

* When a critical lag is reached, vortices are set free. The stored angular
momentum is transferred to the crust, causing a glitch.



The Snowplow Pizzochero P. M., 2011, Astrophys. J. Lett. 743, L20.

Seveso S., 2015, Ph.D. thesis, Universita degli Studi di Milano
MOde' Caiazzo |., 2015, Master thesis, Universita degli Studi di Milano

Two forces act on each vortex line at a cylindrical radius x:
* The Pinning Force (only in the crust):
- the vortex is blocked in a potential well

Z(x)

Fpin(x) =2 fpin[p(r)] dz
0

ic ¥ cylindrical radius

weak 'r-strong '
pinning pinning
region region

Seveso S.



The Snowplow Pizzochero P. M., 2011, Astrophys. J. Lett. 743, L20.

Seveso S., 2015, Ph.D. thesis, Universita degli Studi di Milano
MOde' Caiazzo |., 2015, Master thesis, Universita degli Studi di Milano

Two forces act on each vortex line at a cylindrical radius x:
* The Pinning Force (only in the crust):
- the vortex is blocked in a potential well

Z(x)

Fpin(x) =2 fpin[p(r)] dz
0

ic ¥ cylindrical radius

* The Magnus Force:
- the vortex line is forced to rotate along with the crust
- # angular velocity respect to the superfluid

weak Vst rong '

- - a hydrodinamical lift « to the lag arises egionregion
Seveso S.
z(x)
pn(T)
Fyy(x) =2kx(Q,(x) —Q J dz
" (@ D), T-e®
-K = 2::1 ;- Q,(x): angular velocity of the superfluid component;

- (), angular velocity of the normal component;
- p,,(r): neutron superfluid density;
- €,(7): entrainment parameter.



The Snowplow Model
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For every cylindrical radius x, we can find the lag at which the

Magnus force equals the Pinning force and set the vortices free ~— CRITICAL LAG

Formation of a VORTEX SHEET which moves

First reached in the core —> :
forward to the outer crust as the lag increases



The Snowplow Model

1F T T T T |

AQ [rad/s]

AQ i =]
w(t) === Highlighted region:
0.1 | -
[ ] ALgl(t)
0.01 - - angular momentum
[ that can be released
to the crust at a
0.001 [ -
X®) - certain time t after
ST T e — the previous glitch.
0.0001 | -
e-05 1 ]
7 8 9 10 1 12
x [km]
Ric z(x) P(r —x.(r
AL, (t) =2m x3 dx min[w(t), AQ ;¢ (x)] ( ) —( ) p( ) et M)=6() qz
g 1—¢€ (r)
x*(t) 0 n

e w(t) = |Qp|t; x, (1) = mass fraction of the normal component;
* ¢(r)and A(r) = structural functions of the TOV metric;

* w = — wy = difference between the spin frequency of the star and the dragging
frequency.



The Snowplow Model

If AL, is transferred to the crust, the subsequent jump in angular velocity will be:

ALg (1)

AQ () =
gt (1 = @Qltor + QYgiltot

Where:
* Y, is the fraction of vorticity coupled to the crust in the timescale of a glitch

 ( is the fraction in moment of inertia of the superfluid component:

L, gmr (R Pr)\ @, . 1=x,()
Q — — j T‘4 (,0(1’) + —_ (T') eA(T)—d)(T) d'r
lior 3ot Jo c? 9) 1—e,(r)



Estimating the masses with the snowplow model

0.0006

AQg (1) = AQg(w)

0.0005

w= |Q,|t

|| 1
Ygl = 0.0005

Ygl = 0.01 =====

Ygl = 0.02

Ygl = 0.03 =smsssmms -

Ygl = 0.05
B0833-45 max glitch
B0833-45 glitches @

0.0004 B0833-45 mean kv -
We have obtained a %
profile that depends = %%
on two parameters: 3

0.0002

M, Ygl
0.0001 = -
'S
*
. 0 ‘ | | [ | [ | [ | | [ |
Procedure' 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
W [rad/s]

e Set M,,, to a certain value (pulsar BO833-45)
* Find Ygl
* Employ the same Y, to find the other pulsars” masses.

N.B. those estimates are upper limits for the masses



M [solar masses]

2.5

1.5

0.5

Microphysical inputs

DDHdelta

10

11 12 13 14 15 16
R [km]

Six equations of state:
GM1, Sly, APR, DDHdelta, BSk20 e BSk21

17



EoSs e compositions employed

EoS in the core Composition in Composition in
the core the crust

APR [1] Akmal et al. 1998 Zuo et al. 2004 Douchin and Consistent
AV 4 Haensel 2001
APR [2] Akmal et al. 1998 Zuo et al. 2004 Douchin and Consistent
AV, + TBF Haensel 2001
Sly Douchin and Consistent Douchin and Consistent
Haensel 2001 Haensel 2001
BSk20 Fantina et al. Consistent Fantina et al. Consistent
2013 2013
BSk21 Fantina et al. Consistent Fantina et al. Consistent
2013 2013
DDHdelta [1] Gaitanos et al. Consistent Grill et al. 2014 Negele and
2004 Vautherin 1973
DDHdelta [2] Gaitanos et al. Consistent Grill et al. 2014 Baldo et al. 2008
2004
DDHdelta [3] Gaitanos et al. Consistent Grill et al. 2014 Douchin and
2004 Haensel 2001
GM1 Glendenning and Consistent Douchin and Consistent

Moszkowski 1991 Haensel 2001



Xp

Xp

0.35
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Microphysical inputs

Compositions consistent
with the EoSs.

GM1

Sly
BSk20
BSk21
DDHdelta

Zuo et al. AV18 —o—

/ Zuo et al. AV18+TBF
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Sly ===—==
Baldo et al. —=—
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Entrainment parameter €,, in the
core (Chamel e Haensel) and in
the crust (Chamel ).
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€y in the crust



The ‘maximum obtainable mass’ for Vela

Maximum obtainable mass for Vela (Y;; = 0) for each EoS:

EoS My e (Y = 0) with z, | with z, = 0.05 with =, = 0.05 with z, = 0.05
as defined 1n tab 4.2 in the core i the crust in the whole star
M) [Mo] [Mo)] [Me)]

APR [1] 1.37 1.64 1.26 1.47

APR [2] 1.19 1.64 1.11 1.47

Sly 1.44 1.64 1.31 1.47

BSk20 1.29 1.39 1.30 1.41

BSk21 1.17 1.28 1.18 1.30

DDHdelta [1] 0.97 0.83 0.89 0.75

DDHdelta [2] 1.00 0.85 0.89 0.75

DDHdelta [3] 1.07 0.92 0.89 0.75

GM1 1.70 1.93 1.47 1.63

Vela’s cooling

(Kaminker et al.)

Realistic interval: 1.4 e 1.65 Mg



AQ, [rad/s]

Our estimates

4.0-10% — —— T A
mean (very frequent glitches) = . 15 pulsars that
3.5.104 | max (very frequent glitchers) 4 -
mean (frequent glitches) ——s— B ha.\ve Peen seen
3.0.10% [ max (frequent glitches) 4 2] - glitching at least
A |[1] J0205+6449 5 times
25104 | (i3] [2] J0537-6910 ]
[3] JO631+1036
2.0.104 [11]"{{9] [4] B0833-45 A
[s] * #s [5] B1046-58 :
. " [6] J1105-6107 w = ( |Qp|tgl )
1.5:10% I . || A [7] B1338-62
[7] [6] ) [8] J1413-6141
1.0-10% [ [3] A A [9] J1420-6048
S O O s
5.010° [10] 12] ' . EW} mzqzﬁpj 4 ¢ Frequent: 5-7
] [13] B1800-21 e \Very frequent: > 12
ok T A 1 [14] B1823-13 - yIreq
: [15] J2229+6114
_50105 i i ' I | i i ool i i PR T I
1.0-10% 1.0-10 1.0-102 1.0-10°1
W [rad/s]

* 3EoSs: GM1, Sly and APR with M, =1.3 M.
* GM1 for 3 values of M, : 1.3, 1.45 e 1.6 M,



M [solar masses]

Mass estimates for 3 EoSs

Myes = 1.3 Mg, with 3 equations of state: GM1, Sly and APR

2.5 . S . e "
- Sly
e pme APR @
. L o 30 -
]
¢
15 F ] '
¢ g 2

0.0001 0.001 0.01

w [rad/s]



M [solar masses]

Mass estimate for 3 values of M, ,,

GM1 for 3 values of M, : 1.3, 1.45 e 1.6 M,

2.5 L] L] L] L] L] L] L] L] I

] | | L] ] I | | L} ]
- = GM1, My, =160 =
u GM1, Mygs = 1.45 o
. 5 GM1, Mygs = 1.30
2 | |
] - u
* L ] ] e
15 | « ° ‘e m

0.0001 0.001 0.01

w [rad/s]




Conclusions

Strong correlation between M and the averaged critical lag w of the 15
pulsars.

Unified description of glitches: low-mass neutron stars correspond to the
strong glitchers and more massive stars to the weaker ones.

Results don’t change much for different EoSs.

If we change M,,,, , the mass estimates shift of the same value, leaving the

trend unchanged.

The ‘maximum obtainable mass’ for Vela, on the contrary, is heavily affected
by microphysical inputs.

Perspectives

More realistic microphysical inputs.
Parallel with hydrodinamical simulations.
More observations.



Thank you!



Moment of inertia for slow rotation

In general relativity, the inertial frames inside a rotating fluid are not at rest with
respect to the distant stars

* w, = dragging frequency of an inertial frame
e () = angular velocity of the star
e w=0-— W4

Hartle approach: (Hartle J. B., 1967, Astrophys. J. 150, 1005)

1 d dw 4 (d
A+ S -t 5 —
r4dr<re dr>+ ( e )a) 0

Boundary conditions:

* regularityat r = 0;

* vanishing of w, at infinity

* @ continuous at the stellar surface

In order to obtain the Schwarzschild solution for r = R we have to impose:
—p+A _
e =1



M [solar masses]
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Confronto con i risultati di Seveso
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