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‘ THE BASIC PICTURE
Supernova
Interstellar Material Blast Wave

and Swept-up

If the kick velocity of the
NS >~ 100 km/s

: 3

Pulsar can escape from the
SNR when it is enough
powerful to be observed
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Structure of bow-shock nebula

Typical NS speed: V.~ 100-500 km/s — Mach number >10 (highly supersonic)

Bow-shock

Termination shock

Py
4,..
VISM=VNS Fwind =Py
A
— -
Vwind ... .
Relativistic wind
N speed: V. ~0.1-0.9 ¢
Unshocked wind T _U Composition: mainly pairs e*

Contact discontinuity
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Structure of bow-shock nebula
‘ from simulations

[From Bucciantini, Amato & del Zanna 2005, A&A4 434,189]

Density (Log10); o = 0.002
- ISIhloclklecll ISM e NumericaloMHD models (Bucciantini et al. 2005)
~ ISM " produce images that could be compared to
: observations but simulations go out just to a ~10
termination shock radii. Analytical models may offer

| advantages (e.g., Romanova, Chulsky, & Lovelace
1 2005).

 Unshocked
+~wind

Supersonic wind

NO NEUTRAL%

Subsonic wind

e : The wind 1s collimated in a cylindrical
e e : tale with constant area within the whole
T e | . simulation box

0.6 0.8
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Bowshock-tail PWNe in X-rays

[Pictures from O. Kargaltsev]
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‘ Structure of bow-shock nebula

‘ in presence of neutrals

shocked wind T
Contact discontinuity
If the ISM is partially ionized, Hydrogen

atoms can suffer charge-exchange and
collisional excitation emitting Balmer lines
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Structure of bow-shock nebula
‘ in presence of neutrals

Ho emission from J0437-4714

e B AT R T X R T T s i !
ISM S @ PSR J0437-4715
F = ' 2012
’ ,
shoched ISM v :
s & :
— a0 & \
Posini=F -
e [ d=10
VISM=VNS ) e S
|y BN
— | i
B _E
; &
* qll )
shocked wind :
; %
Contact discontinuity A
,.'21,0- S 190
If the ISM is partially ionized, Hydrogen Z

atoms can suffer charge-exchange and
collisional excitation emitting Balmer lines
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‘ Summary of pulsar with Ha. bow shock

| [From Brownsberger & Romani 2014, arXiv:1402.5465]

- 6 over 9 known Ha bow shock nebulae show rapid expansion and/or contraction of the tale
- These features are axisymmetric along the propagation axes of the pulsar

This suggest that the tale could be modified by internal dynamics rather than by external
effects (non uniform ISM)

Pulsar ~ E§, Ler & pr F¢ Finr 6a Fuma
erg/s y kpe masfy 10711 10713 ylem?/s

Cometary shape
—> JM37-4715 055 98 016P 1413 167 79 93  67E3
j0742-2822 190 52 20D 290 172 <02 14  18E4

A 1
A J1509-5850 682 52 26D 1270 30 12  14E4
J1741-2054 126 56 038D 11.70 20 23 46E3
—> J1856-3754 3E4 65 016P 3320 - 00 085  3ES5
—> J1959+42048 219 95 25D 304 17 07 36  18E3
—> 1D030+415 290 58 09G 58 28 11  18E3
——» 2124-338 068 98 030P 527 37 08 50  53E4
——» 1222546535 016 61 186D 1820 _ 00 012  36ES
1.00
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% Guitar nebula (powered by PRS B2224+65)

_I—

Balmer emission:
images from HST

[From Gautam A. et al. 2013]
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PSR J2124-3358

[ From Brownsberger & Romani 2014, ApJ accepted arXiv:1402.5465]
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| From Brownsberger & Romani 2014
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PSR J2124-3358

[ From Brownsberger & Romani 2014, ApJ accepted arXiv:1402.5465]

New discovered with a
survey for Hao bow shock
- emission around nearby
. FermiLAT fy-detected
energetic pulsars
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PSR J0742-2822

| From Brownsberger & Romani 2014, ApJ, arXiv:1402.5465]

Ho image with background
star light subtracted

,; ik qug 10742 2.322
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Interaction length-scales

‘ ‘ for neutrals

I 112 I oy Lo\
dg= e = 410" ;:md ( B —| om Stagnation distance
4V s PoC 10" erg | \300km/s |\ cm
«»
d;

shoched ISM
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il

Yawind

Inshocked wind T

Contact discontinuity
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Interaction length-scales

‘ for neutrals

I 12 I iy a2
ds= V;"”d = 4.10" 31”'"“’ ( s 0_3 cm | Stagnation distance
4V s PoC 10" erg | \300km/s |\ cm
o =1310" em ~ d Collisional length-scale in the shocked ISM
v ce= L )
A= NS - N, ~1.0 10" e d Neutral Hydrogen from the ISM can
X P isar O gt Viet) ’ 2 penetrate into the wind region
k}\’ion,p:?"o' 107 em >d (V. = 300 km/s, ion fraction=10%)
i"ﬁ,hﬂ‘itéﬂgd SM s
........................................ LS A
"LJISM="|_J'NS '|I ‘ wind=40 o
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‘ Interaction length-scales

‘ for neutrals

LLLLLLIEEX
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= 4,
Sshoched ISM, &
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Vwind

nshocked wind T —\-}

Contact discontinuity
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‘ for neutrals

Interaction length-scales

A

ion, wind ~—

VNS

n e OBethe ¢

~ 4-1023(

7 n

e

300km/s

10" em™

-1

cm

Ionization length scale of
hydrogen due to collision
with relativistic electrons

A

~d 3

Inshocked wind T

Contact discontinuity
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Interaction length-scales

‘ ‘ for neutrals

V s s Ve n, | Ionization length scale of

Moy wia= ————~ 410 IR cm hydrogen due to collision
’ NGOy, C 300kmls |\ 107 ey / W

e Bethe cm with relativistic electrons

Length scale for photo-ionization due to non-thermal UV radiation from the nebula:

—1 —1 —1

V n
M a2 g F(T) em ~ 10"=10"cm
300 km/s lcm_3 ( )
Po
VISM=VNS ‘ Pwina=Fo A
-

Contact discontinuity
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Interaction length-scales
‘ for neutrals

V s s Ve n, | Ionization length scale of
Nion wind = Pa— 4-10 300 k] ———| cm hydrogen due to collision
MO Bethe € mis|\ 10~ cm with electrons

Length scale for photo-ionization due to non-thermal UV radiation from the nebula:

—1 —1 —1

R F(T) em ~ 10“=10" cm

d;

VNS
300 km/ s

Ny
107

n

-3
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- Mass-loading length scale
- ‘ Fwind (distance where mass loaded enthalpy = wind enthalpy):

........... e o & h /4 1

: ind ind 13 17
; )\zload: -l ij ~ 10 - 10 cm oC
Unshocked wind T LV

Contact discontinuity
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‘ Our quasi 1-D mathematical approach

_|—

MODEL ASSUMPTIONS

- Stationarity — 4,[...] = 0 nevtrals
- relativistic e'-e¢” wind plasma

- Cold proton fluid injected through ionization

- Quasi 1-D along the propagation direction x — 4=A4(x)
- No magnetic field

- Ram pressure 1s neglected

external flow V, —m=

A=A Wind
p(x)
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MODEL ASSUMPTIONS
- Stationarity — 9[...] = 0
- relativistic e'-e¢” wind plasma

- Cold proton fluid injected through ionization
- Quasi 1-D along the propagation direction x — 4=A4(x)

- No magnetic field
- Ram pressure 1s neglected

Relativistic conservation equation along
the flux tube for a stationary system

mncoming
neutrals

0.|n uA] =0 A' FLUX OF PARTICLE
reep ¢p NUMBER
2
0. WyWuA] = gc Y, A’ ENERGY FLUX
2 2 _ 2 ' MOMENTUM
0. wu A]-I—c A0.P = qcy, A"V, |piox
q= h(me-l-mp) RATE OF MASS LOADING P =P,
. (with constant photon density)
n= Nyn,o,¢C

Our quasi 1-D mathematical approach

external flow Vj

A=A Wind
C

u=u p(x)
= wx)

1
' } P=Pp
i
I
I

PRESURE EQUILIBRIUM
BETWEEN WIND AND SHOCKED
ISM
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MODEL ASSUMPTIONS
- Stationarity — 9[...] = 0
- relativistic e'-e¢” wind plasma

mncoming

- Cold proton fluid injected through ionization
- Quasi 1-D along the propagation direction x — 4=A4(x)

- No magnetic field
- Ram pressure 1s neglected

Relativistic conservation equation along
the flux tube for a stationary system

neutrals

external flow Vj

A=A Wind

u=u p(x)

Our quasi 1-D mathematical approach

0ln u A] L FLUX OF PARTICLE
Al ol NUMBER
2
0. WyWuA] = gc Y, A’ ENERGY FLUX
2 2 _ 2 ' MOMENTUM
0. wu A]-I—c A0.P = qcy, A"V, |piox
q= h(me-l-mp) RATE OF MASS LOADING P =P,
. _ (with constant photon density)
n= Nyn,o,¢C

Mass loading only
A" = 4 ;| through the initial
cross section
Mass loading
r
4" =4 everywhere
PRESURE EQUILIBRIUM

BETWEEN WIND AND SHOCKED

ISM
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‘ Analytic solution

| 103 g————————

Analytic solution for relativistic e"-e” wind y A/A; 3
(mass loading everywhere): 102 ¢ o, X ~10°
4 AREA : AV |
Alx)= 4, — 10L N, |
4P u ,,"" h‘“’m.% w/Vo 3
0 (x)]= —° G p DENSITY 1 T |
P — - IO
c U VO4P 10_1: Mass loading Ur/ttyy N
) <x>= 0, + m, o Uy u ¢ DENSITY s everywhere c0/Vo 3
e e _ L L 1 L | 1 L L L 1 L L 1 L I 1

m, ¢ u=V, 0 5 10 15 20
e e I I I S L e v ot
oad — U=Vy u =V, u=V, SPEED [\ the initial cross section AL
: IE
1E
1L |
1078 etV =

0 50 100 150 200 |

X / }\load |
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‘ Analytic solution

I 103 g————————

Analytic solution for relativistic e'-e” wind 4 A/A, 1
(mass loading everywhere): 107 o N 1()3
“ AREA : AT |
Alx)= 4, — 10+ N
», ¥ Vo
p,(x)= — il pDENSITY 1€ = — :
¢ u_VO B - Mass loading Up[tyy == :
m, 4P, u,—u 107" ¢ h :
o,(x)= p, + = — — e DENSITY - everywhere cs0/Vo -
e e _ L L 1 L | 1 L L L 1 L L 1 L I 1

m, ¢ u=V, 0 5 10 15 20
= o 40l |wiw 1O s tonding only throngh L3
_ _ — ED 1 y .
load U VO i VO e VO SPE [\ the initial cross section AL
12 2 - -
dg u, (u=V,] [y |s= [RADIAL ; ;
ulx)= 7, - — — EXPANTION - T
load u u, SPEED | ]
Expansion velocity can be > wind speed 107" E e/ Vo
> ISM sound speed . T

— stationary quasi 1-D approach no more valid 0 50 100 150 200 |

X / }\load
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Analytic solution for relativistic e"-e” wind
(mass loading everywhere):

Expansion velocity can be > wind speed
> ISM sound speed
— stationary quasi 1-D approach no more valid

Analytic solution

Scenario A — only through the initial cross section

Scenario B — Mass loading everywhere

Uy
Alx)= 4, — AREA 35
u
4P, u,—u - 30
0 (x)= p DENSITY :
P c u-V, 25
m, 4P, u,—u
(x)= 4+ - 01 e DENSITY . 20
pe peO m c u—"v =
p ¢ 15
X _ u Uy +1 ul_VO WIND 10
) o8
oad U=V, u =V, u=Vv, SPEED :
de u*(u=V,) 1.l |RADIAL 0
_ S 1 0 u 9 9
u(x)=V, - — — EXPANTIO
load u u, SPEED

- Scenario B (A.q=5dp)

Scenario B (A,;;=30d)) ‘

Bow-shock .

-

200
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Analytic solution

Primary bow shock

Secondary shock 0) 3

, . L 350
Contact discontinuity

| Mach disk
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- | Application to J0742-2822

|

| Brownsberger & Romani 2014] [FermiLAT data] 3
_ 35 Estimate upper limit Ny > 0.1cm
L,=1910"ergls 1,<76:10”| -2 )e”g > on the UV flux <
d=2kpc Lo dS 2kpc | s (assuming ['=2) n,< ﬁph
N, =028 cm 0
V =275kmls = Moud ~ dg
Ny I’lph
fion = 05 ,
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- | Application to J0742-2822

|

| Brownsberger & Romani 2014] [FermiLAT data] .
I =191 035 / ol d \er Estimate upper limit ny>0.1cm
w= 110 ergls L,<7.6-10” S »onthe UV flux
d=2kpc S 2kpe | s (assuming ['=2) _
. -3 § nph < nph
N, =028 cm i
V =275kmls = Mg ———" dg
Ny I’lph
Jin=05; Vg™V,

G. Morlino, La Plata — 8 Oct. 2015 |



‘ Effect of magnetic field in the wind

‘ Toroidal component

4 Magnetic flux conservation:
B —
¥ B.u_ R = const _
' O %x
Ve _ - Bq)(x)OC 1/\/; /

Roc \/ZOC u—1/2

Poloidal component increases:
— magnetic hoop stress increases
— the transverse expansion is reduced
— synchrotron emission increases
: 52
] syn < n e B

n,u_A=const — n,=const

Poloidal component
Magnetic flux conservation:

B _A=const - B, (x)c u o

Poloidal component decreases:
— No effects on the tale expansion
— synchrotron emission decreases |

G. Morlino, La Plata — 8 Oct. 2015 |



Mouse PWN vs. PSR J1509-5850

J1509-5850

TN | J1509 and Mouse PWNe are different:
. | * X-ray radio correlation in Mouse
; vs. anticorrelation in J1509 PWN
W .r" ) P VIS TR * Anticorrelation is difficult to
Ng et al. 2010 = ‘Sl - explain by synch. cooling only
”'_ A, LA * In Mouse magnetic field is parallel
" usef-Zadeh & Gaencler 2005  to the tail, in J1509 tail it is
. perpendicular.
: . j : :_‘,. Romanova et al. 2005 :
Hui & Becker 2007 A= i A !
Kargaltsev et al. 2008 R 5 A 8 L e KA ,
N w iy 7, Ly _.-"II _.ﬁ//"’? - :
L3 :_'I =| {l 3 e
bl ‘:“ e I.’$nr.-:"*r\fr.nrm:.'n::u.ﬂzllsné " II':__ .l-:l.-\ !
Radio polarimetry provides a Ntk
unique opportunity \ N
to map the magnetic field structure. -
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J1509-5850

Ng et al. 2010

Hui & Becker 2007
Kargaltsev et al. 2008

o, L R < S

PSR J1509-5850 . 1,
L ef A

B
m
o
1L
o

ATATIRE BB AR TR4 91 TR0 WA
.................

unigue opportunity
to map the magnetic field structure.

Mouse PWN vs. PSR J1509-5850

Ne are different:

tion in Mouse
J1509 PWN

difficult to
ooling only

etic field is parallel
D9 tail it is

a et al. 2005
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‘ CONCLUSIONS

_I—

* Neutral Hydrogen from ISM can easily penetrate into the
relativistic wind of bow-shock pulsar wind nebulae

* Internal dynamics of the wind can be strongly affected by neutrals

on the typical mass loading scale
— The flow slows down and expands
— The expansion can produce secondary shocks where the Ha emission is

enhanced
— Secondary shocks can induce the head-shoulder shape observed in

many Ha nebulae

* The stationary quasi 1-D approach fails for very rapid mass loading

— 2D and time dependent simulations are needed to get
a comprehensive solution

* Magnetic filed cannot be neglected!
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