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Reverberation phase, the great unknown Instituteof @ exceiencia

Space Sciences % DEMaEzTU
Plot from Olmi & Bucciantini 2023

Free expansion proceeds until the
PWN reaches the reverse shock

FREE EXPANSION REVERBERATION OUT of REVERBERATION OUT of SNR

little or no compression l (RS)
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After that time, the shell
experiences a strong deceleration,
which in many cases leads to a
ﬁ,ﬁj“’/’ compression of the PWN.
ighificant comp
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internal pressure becomes high
enough, the PWN bounces and re-
expands again.

When due to compression the PWN
m °

Reverberation (compression -
bounce) last for a few kyrs or less,
9€ and happens relatively shortly after
birth - at the end of free expansion.
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Efficiencies

Efficiencies

Reverberation may produce a significant re-
d. E b t F t | . *During reverberation the
ISstribution o par ICiE energles energy reservoir is no longer

the pulsar spin-down power
DFT & Lin, ApJ Letters 2018; also; DFT, ApJ 2017; DFT, Lin & Coti-Zelati MNRAS 2019
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The population features of all middle-age PWN depend on understanding reverberation.
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Then, knowing the shock positions is key Institute of e aaoNeA

Space Sciences DE MAEZTU
Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2020

Understanding the SNR evolution, particularly the 10
o . Crab
position of the Reverse Shock, is fundamental
when modelling the complex dynamics of the R}
interaction between the SNR and its host PWN. 5 \F//;_——
K VN
Even small variations of the position and velocity é’ 1 L
of the RS at the onset of reverberation may ° ,
produce large variations in the final compression ‘:‘ : 0= —
1] L 0=
factor of the PWN. | ¥ =9
Using TM99 solutions o 0=12
b o= ——
0.1 ' — ' ‘
0 2 4 6 8 10 12 14

Time (kyr)

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2020
presents an in-depth study on what are the parameters affecting the most the amount of the compression at the onset of reveberation
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Under the carpet... the shock positions Institute of T

Space Sciences DE MAEZTU
Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2021

Truelove and McKee (1999,

unshocked
ISM

. hocked
. . Scalings *iSM
TM99) solutions were used in R =Mpy "
i i 3 3
all models .wh-en |nc'or‘porat|ng aos (M B mong \ 7V ——
the dynamics in radiative = P\ Jom, gcm-3 ’ ejecta
models of pulsar wind nebulae

- 5/6 —1/3
Ien = Esnl/zMej/ Lo /

—-1/2 5/6 -1/3
~ 341 yr [ L P M N mpno Y
) i o 10°! erg 10M, gem—3
Through a mix of analytical

limits, semi-analytical formulae, Vi = El? ~2240kms1( E,, )1/2( M. )—1/2

v

(PWNe).

shocked
ejecta
_/ 11

and fits to numerical My® 102! erg 10Mo
simulations, TM99 provides a
series of approximations to Typical models assume a core with a shallow
describe the evolution of the radial profile o< r8(with 6 < 3), plus an
SNR during its different stages. envelope with a steep power-law one o« rv =
(with w > 5), 3
TM99 has become a widely used - L _ [6-dw-5E,
reference for the time evolution ()= A AW/ i <, B CRDCERRS
Pei(r: 1) {A (v/r)?t®73, ifut <r < Res (5—8)(@—5) Exn » log(R)
of the FS and RS. A= -9 v I
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Institute of EXCELENCIA

Then, knowing the shock positions is key Space Sciences € MARA

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2020

Understanding the SNR evolution, particularly the position of the Reverse Shock, is fundamental when modelling
the complex dynamics of the interaction between the SNR and its host PWN

Even small variations of the position and velocity of the RS at the onset of reverberation may produce large
variations in the final compression factor of the PWN

10

B Crab
Note that according to ® (the power law index of the ejecta profile) /—-———~
the time and extent of the compression varies a lot. 3 \/ 7~
3 1
Not even linearly! (which already casts doubts on the TM99 solutions) E
\ 0=6 ——
We really need a better prescription { B wf;
L O=
01 Using TM99 solu‘tions | | : 322:)2 ‘

0 2 4 6 8 10 12 14
Time (kyr)
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Shock positions

. Direct comparison of our formulae for the characteristic trajectories RS, CD, FS with those of TM99 (only valid for § = 0).

MARIA

Institute of 9 EXCELENCIA
Space Sciences % DE MaEzTU

Truelove J. K., McKee C. F., 1999, ApJS, 120, 299 (TM99)

w t SUPPORTING FORMULAS
1.83#(1 + 3.2683/2)23 w=0 t<ty ty = Qo/[5(w — 3)]A~/@=3)/2.026)%/3@=5)]
#(0.779 — 0.106¢ — 0.5331n7) =0 t>ty A = 271972 /[470(0 — 3)peal (10[ — 51/[3(w — 3@~ I/2)1 /e
lg = {1.39, 1.26, 1.21, 1.19, 1.17, 1.15, 1.14}*
Ag@=3w 5<w<14 =<lfeore teore = [27/(4m [ — 3112,¢00)1'/3\/3(w — 3)/(10[w — 5])
RS (AR 1) S5<w<14 foore <1 < Iy bea = {0.39, 0.47, 0.52, 0.55, 0.57, 0.6, 0.62)*
t[(AAtgg)r;3)/w)/(ledtcore) — Aeore(t — teore)t+
—(3/(ea)Athee ' ®" —Grorotoore) I fHoces)] S5<w<14 >ty deore = {0.112, 0.116, 0.139, 0.162, 0.192, 0.251, 0.277}*
CcD — — — =
2.011(1 + 1.72¢72)723 w=0 <2
(1427 — 0.254)%3 w=0 G
FS Af@=3/e 5<w<14 <ty
(AL9™3®yS5/2 4 /2.026(t — 1) Y5 S5<w<14 >ty

*All the listed numerical values must be considered relative to the range w = {6, 7, 8, 9, 10, 12, 14}.




Shock positions

. Direct comparison of our formulae for the characteristic trajectories RS, CD, FS with those of TM99 (only valid for § = 0).
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Truelove J. K., McKee C. F., 1999, ApJS, 120, 299 (TM99)

® t SUPPORTING FORMULAS
1.831(1 + 3.26£/2)~23 w=0 <ty tq = Qo/[5(w — 3)]A~*/(©=3)/2.026)%/13(©=5)]
1(0.779 — 0.106¢ — 0.5331n ) w=0 >ty A = 271972 /[470(0 — 3)peal (10[ — 51/[3(w — 3@~ I/2)1 /e
la = {1.39, 1.26, 1.21, 1.19, 1.17, 1.15, 1.14}*
Aro-d/e S5<w<l4 BiSdise teore = [27/(4mwlw — 3112,¢ea)]' \/3(@ — 3)/(10[w — 5])
RS (AR 1) S5<w<l4 feore < 1 < Iyt bea = {0.39, 0.47, 0.52, 0.55, 0.57, 0.6, 0.62}*
t[(Atég)r;3)/w)/(lmtcom) — Aeore(t — teore)t+
— 3/ (lea)AtSe " — acometoore) In (¢ /fcore)] S<w<l14 >ty deore = {0.112, 0.116, 0.139, 0.162, 0.192, 0.251, 0.277}*
CD - = - —
2.01(1 + 1.72472)=23 w=0 t <ty
(1421 — 0.254)%3 w=0 =
FS Ar@=3)/ 5<w<14 t<ty
(AL9™3®yS5/2 4 /2.026(t — 1) Y5 S<w<14 1>ty

We did 1D Lagrangian simulations for a large number of PWN, with different energetics, ® and 6 parameters, and different
characteristic values of the system and directly measured the shock positions.

Then fitted with functions providing much better than 1% accuracy, and compared the results with TM99 solutions.

*All the listed numerical values must be considered relative to the range w = {6, 7, 8, 9, 10, 12, 14}.




Shock positions

. Direct comparison of our formulae for the characteristic trajectories RS, CD, FS with those of TM99 (only valid for § = 0).

MARIA
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Truelove J. K., McKee C. F., 1999, ApJS, 120, 299 (TM99)

w t SUPPORTING FORMULAS
1.831(1 + 3.26£/2)=23 w=0 1<ty ty = Qw/[5(w — 3)]A~2/(©=3)/2.026)%/B@=5)]
#(0.779 — 0.106¢ — 0.5331n7) =0 t>ty A = 271972 /[470(0 — 3)peal (10[ — 51/[3(w — 3@~ I/2)1 /e
lea = {1.39, 1.26, 1.21, 1.19, 1.17, 1.15, 1.14}*
At@=3/w 5<w<14 =<lfeore teore = [27/(4m [ — 3112,¢00)1'/3\/3(w — 3)/(10[w — 5])
RS (AR 1) S5<w<l4 foore < 1 < 1y bea = {0.39, 0.47, 0.52, 0.55, 0.57, 0.6, 0.62}*
t[(Atgg)r;3)/w)/(lmtcm) — Aeore(t — teore)t+
—(3/(ea)Athee ' ®" —Grorotoore) I fHoces)] S5<w<l4 t> tg Geore = {0.112, 0.116, 0.139, 0.162, 0.192, 0.251, 0.277}*
CD - - — _
2.011(1 + 1.72¢72)723 w=0 <2
(1421 — 0.254)%3 w=0 =
FS Ar@=3)/ 5<w<14 t<ty
(AL9™3®yS5/2 4 /2.026(t — 1) Y5 S<w<14 1>ty
Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2021 D ¢ SUPPORTING FORMULAS
XY= t/timplo(w, )
timplo = 2.399 + {(0.1006Q)*+
+[(—0.06494 + 0.7063Q)/(1 + 1/ Q%)]?}%3
RS R(x) x F(w) w>6 foore <t < timplo Q=1/(w—5)
R(x) = [x1351(1 — x)0-68236] [0.01961 + 0.5093x + 0.1874x?] R
F(w) =1+ {0.02171[£2/0.3338 — 1]}{1 + [£2/0.3338] 2778} ~!
CD a(@)t=3/ /(1 + bep (w)tecr@)] w>6 o@D << 0 E linls a(w) = (1.141 + 1.806 ) (7.636 + w) !
bep = —1.051 — 0.1961 d@(w)
ccp = —(5.561 + 0.6741 w)(w — 4.826+)~!
FS Eo(r + 1.94)25 /[1 4+ 0.672(1 /1) + 0.00373(1/¢)?] w>6 t> looreFS &9 = 1.15169

(from the standard Sedov solution)

|*All the Tisted numerical values must be considered relative to the range w = {6, 7, §, 9, 10, 12, 14}. | |

Valid for all w larger than 6, all values of 5. |




R (Ren)

ShOCk pOSitiOﬂS Institute of EXCELENCIA

. s . . Space Sciences ¢ DE MaEzTU
Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2021
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The relative variation between models is typically of order of 10 to 30% per cent.
Impact of a 10% change in the compression cannot be neglected!

The loss of accuracy in the TM99 approximation leads to even larger relative differences closer to the implosion time,
of the order of 100 per cent!

The TM99 solutions do not converge, for large w values, to their asymptotic solution w = 0 (w = = in our notation).
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PWN 1-zone-models: literature either ignores ;";:'Cte“;ii‘;fnces NiiA
reverberation at all, or treats it in simplified ways

In the latter case, there are 3 main assumptions:
1. The PWN is a uniform (one-zone) bubble of particles and field
2. The shell at the PWN boundary is thin (Rye~ Rown; ARgpe << Rpyn)

3. The pressure outside the PWN is equal to or a constant fraction of the pressure at the FS in the Sedov solution

—6/5
,OISMEsn

¢ /
Psedqovy = 0.1592 | —
sed <tch) Me'

[Gelfand et al. 2009 - Fang & Zhang 2010 - Tanaka & Takahara 2010 - Martin et al. 2012 - Tanaka & Takahara 2013 - Vorster et al. 2013 - Torres et al.
2013-2014- 2017-2018-2019 - Gelfand et a. 2015-2017 - Bandiera et al. 2021 - Fiori et al. 2022]
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EXCELENCIA

First assumption.. roughly ok, according to 3D Instituteof @ excet
MHD models

Porth et al. 2014
Crab @ ~50 years

Olmi et al. 2019
Crab @ ~250 years

Space Sciences % DEMaEzTU

x1018 x1018

Pressure ) Magnetic field

-1.6
x1018
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M(r,t) / Mswept (t)

M(r,t) / Mswept(tbeg,rev)

The thin-shell is not thin in reverberation

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2023a

1.4¢
1.2

1.0

0.8F
0.6}
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1.0

0.8F
0.6}
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Institute of EXCELENCIA
. MARIA
Space Sciences DE MAEZTU

10g,0(Lo/Ley) = —2.0634 and log,(to/te) = —1.0.

Time

I (017, 0.(/tehs t/tbeg,mv)

|
‘ Before reve}bération

* For ascaled radius ranging between 1 and 1.02, the profiles are related to

the density profile inside the shell.

They are superimposed, meaning that the density preserves its profile, apart
from a slight decrease with time of the shell relative width.

The sharp break in the profiles (reflecting a density jump) indicates the
position of the shock at the outer boundary of the shell;

The scaled mass higher than unity means that the real swept-up mass is that
within the outer boundary of the shell, rather than within R,,,(t).

......................

During revcyération

After tpeg rey the mass within the shell, now scaled with the swept-up mass at
theg rev » dO€S NOt change with time: note the constancy of the vertical
coordinate of the break

The relative width of the shell increases with time, partly reflecting its
physical broadening, and partly as a consequence PWN decreasing of its
size.

1.04
r/ Rown(t)

1.00 1.02

1.06

1.08

This figure justifies the assumption of a fixed shell mass during reverberation
and that when the PWN has been compressed, the needed conditions for
treating the shell as a thin-shell are no longer valid.

..............................................................................

Diego F Torres - 13




The thin-shell is not thin in reverberation Instituteof @ exceiencia

Space Sciences DE MAEZTU
Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2023a P '

log,o(Lo/Ley) = —2.0634 and log,(7o/tx) = —1.0.

O.F = For t < tyeg rey the shell boundaries are very close each other,
0.6 RS - meaning that the thin-shell approximation is well satisfied.
0.5 0.61
5 ST T : But especially close to the maximum compression, the shell
x 04 N boundaries separate, and the combination of a higher shell
E‘, 0.3 . thickness and a smaller shell size implies that a thin-shell
0.2 / approach is no longer justified.
7/
28 30 32 \/ _ _ _
0.0 j : : : During the reverberation phase, the outer edge of the shell is
3.0f defined by the mass collected before tyg o, and one may
fé 2.5F clearly see that the shell becomes thicker, and as the PWN
o 20} starts to contract the shell inflates progressively
= 1.5F
02 3
< 1.0
0.5
00 05 10 15 20 25 30 35
t/tch
Tl R R R R R T T T T T
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The outer pressure is not a constant nor Sedov like Institute of @ rxcerenou

MARIA

Space Sciences ¢ DE MaEzTU
Bandiera, Bucciantini, Martin, Olmi & DFT, MINRAS 2023a

08 —— .g, - —Trrr7r-r-r-r-Tr7T—T—T—Tr—Tr—7f T €o=Lo Tp is the PWN energetics
L 0\
Iog10(E )_ t \ ™ poEan
I sn Psedon () = 0.0489 (-)
L ;-1 .75 Ich Mej
= 0.6} ;
> - |
S ]
Q. [ i
— 04F L
— i g\ |
t: (! =
Qe il ; For a large part of
3 I i\ n the evolution P
Q. 0.2F A\ H outer
L A is smaller than the
o " Sedov pressure, and
: : ? * is different from a
O O PR SR T T R PR | L:l PR T S T T S T M W N | I T T | | I T T Constant.
0.0 0.5 1.0
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How to model middle age systems?

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2023b

1.0 —7T—T — T — T — T
/ I I |
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Hybrid radiative — HD model
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ol l

Radiative model until reverberation, with dynamics incoporated
* then use this stage just before reveberation as input for a...
Lagrangian model thereafter,

* But with radiation incorporated

* Correctly converges to the Lagrangian model all along when no losses are
considered.

1 [ * Correctly matches at the interface between the two approaches.
osf] / — U+ Relative fast for reasonable computational grid (few minutes per PWN).
gos*////a -2 onc « Can go to whatever age in a safe manner.
Zoalf / N 7
- % ) Vg \\,/ (State-of-the-art Radiative PWN code: correct shock positions, radiative, full ODEs,
| P I B time-energy-dependent, Lagrangian after Reverberation)




F(ergs ™ cm™)

F(ergs™cm™)

F(ergs ™ cm™)

How to model middle age systems? Spectra

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2023b
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Significant spectral variability as time
goes by

Superefficiency

Population analysis finally possible
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To know more details see our recent series of papers  Imstituteof @ rcnencia

Space Sciences % DEMaEzTU

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2021

Revisiting the evolution of non-radiative supernova
remnants: a hydrodynamical-informed
parametrization of the shock positions @

R Bandiera ™, N Bucciantini, J Martin, B Olmi %, D F Torres

Monthly Notices of the Royal Astronomical Society, Volume 508, Issue 3, December 2021,
Pages 3194-3207, https://doi.org/10.1093/mnras/stab2600
Published: 13 September2021 Article history v

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2023a

Reverberation of pulsar wind nebulae - II. Anatomy
of the ‘thin-shell’ evolution

R Bandiera ™, N Bucciantini ™, J Martin, B Olmi &, D F Torres

Monthly Notices of the Royal Astronomical Society, Volume 520, Issue 2, April 2023, Pages
2451-2472, https://doi.org/10.1093/mnras/stad134
Published: 14 January2023 Article history v

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2020

Reverberation of pulsar wind nebulae (I): impact of
the medium properties and other parameters upon
the extent of the compression @

R Bandiera ™, N Bucciantini, J Martin %, B Olmi, D F Torres &

Monthly Notices of the Royal Astronomical Society, Volume 499, Issue 2, December 2020,
Pages 2051-2062, https://doi.org/10.1093/mnras/staa2956
Published: 28 September 2020 Article history v

Bandiera, Bucciantini, Martin, Olmi & DFT, MNRAS 2023a

Reverberation of pulsar wind nebulae — III.
Modelling of the plasma interface empowering a
long term radiative evolution

R Bandiera ™, N Bucciantini %, B Olmi, D F Torres

Monthly Notices of the Royal Astronomical Society, Volume 525, Issue 2, October 2023,
Pages 2839-2850, https://doi.org/10.1093/mnras/stad2387
Published: 04 August2023 Article history v
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COﬂCI USiOﬂS Institute of EXCELENCIA
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* Go beyond Truelove and McKee, we now have well-behaving formulae mimicking directly HD simulations.

* Mixed one-zone/HD models solve the problems introduced by the pure thin-shell approximation in the treatment of the
reverberation phase: they catch the global behavior and estimate the PWN compression

* First relatively consistent numerical passage through reverberation for a radiative/HD model
* Some PWNe can reduce themselves in size by more than two orders of magnitude, at least in the 1D representation.

* Such systems with large compression CF >> 100 are possible but rare, limited to the extremes of the known population
of PWNe.

* Reductions in size by a factor of several up to an order of magntinude are quite common.
* As aresult, superefficiency appears often at UV/optical, and less often in X-rays

* Understanding and correctly modelling reverberation is critical for population studies (e.g., how many PWN will we see
in future surveys at different frequencies) and individual predictions / description of all middle-age systems
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