Study for the physical properties of AGN jets
by radio iImaging analyses of jet structure
from the Schwarzschild-radius to galactic scales

Satomi Nakahara ISAS/JAXA

Nakahara et al. (2020), AJ, 159, 14
Nakahara et al. (2019), ApJ, 878, 61
Nakahara et al. (2018), ApJ, 854, 148

A. Doi, Y. Murata (ISAS/JAXA)
K. Hada (NAOJ)
M. Nakamura, K. Asada (ASIAA)
S. Sawada-satoh (Yamaguchi-U.)
S. Kameno (Joint ALMA observatory)



Infroduction

The measurement of AGN jeft structure profile
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The jet structures were measured
by radio observation in narrow
range of r in most cases.
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Theoretical model

The external pressure of the surrounding medium
P+ X r=b
(r: Distance from the BH)
| <, ,
JetwidthW(r) < rs+ (a= .

Komissarov+ 2009; Nakamura+ 2008

Example for the external pressure profile
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Infroduction

The profile of jet width covering the range from
the Schwarzschild radius scale to the galactic scale
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Alm of this work

We measured the jet width profiles covering the range from
the blackhole gravitational sphere (< 10°Rg) to the galactic scale

Previous 2 samples+ this work 3 samples = total 5 samples

* |ncrease the number of samples
« Clarity the characteristics of jets
(e.g. properties and differences)



APPROACH 3 targets in this work

30 kpc NGC 4261 @VLA 5GHz

Targets

Does the structure change depending on the
type of jet ¢

FR-I : edge-darkened - weak jet

FR-II : edge-brightened - powerful jet NS

Previous works
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APPROACH 3 targets in this work

TG rg e.l.s 30 kpc NGC 4261 @VLA 5GHz

" | Plasma torus
oo exists in NGC 1052

Kameno et al. 2001;
Kameno et al. 2003
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Other 2 samples appears to host thin disc
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APPROACH

Targefts

Selection points

- Massive black hole

- nearby galaxy
- The jet is covering the scale of structural transition (~10°Rs)
* Bi-polar jet can be seen continuously

Source Distance | BH mass | Analyzed region Bi-polar |Inclination
(Mpc) (M) (Rs) FR type |jet (deg)
M 87 100 -107
Asadas 16.7 (3-6)x10° | Structural transition@10° | Type| |X 15°
Hada+ 2013
NGC 102 -10° o
4261 31.6 | 4.9£1.0x108 | This work Typel |O 63
Cygnu 1025 -10°
s A 249 7.5%10° | This work Typell |O 74.5°
NGC 102 -10°
1052 20 1.5 X10% | This work Typel [O 57~86°
NGC 103 -10°
ésgnSQiI_ 103 6+£2 x 108 | Structural transition@10° Typel | X 19°
2016




APPROACH

Telescopes and frequencies

GHz

Very Long VLBI Very Large Array
Baseline Array Space Observatory (VLA)
(VLBA) Programme
(VSOP)
Base line length 8611km 30,000 km 36 km
Resolutions 0.17 mas~10mas 0.4~1.2 mas 0.1~8 arcsec
Frequencies 1.4/2.3/4.9/8.4/15/22/43 | 1.6/4.8 GHz 1.6/8.3/22 GHz




Telescopes Fre?é?_;;fy v date Original data
NGC 4261 ULEA 1.4/2.3/5.0/8.4 5/July/2003
' 2 Haga et al. 2015
! 15/22/43 28/June /2003
1.4 Apr/1994
VLA
5.0 22/Apr/1984 Open data by C.C. Cheung
1.6 7/Aug/2001
NGC 1052 |  vsop 2
4.8 31/Jul/2001 Kameno et al. 2003
VLBA 2.3/8.4/15.4 17/Aug/2001
15.4/22.1/43.2 24/Jul/2000 Sawada-satoh et al. 2009
VLA 8.3 20/Jun/1998 NRAO Archive AR0396
VLBA 43 Oct/2007-2009 Boccardi et al. 2016
4.9 Oct/2002-2003 Bach PhD. thesis
VLA 22 4/Mar/1994 NRAO Archive GK0012
4.9 1984 Perley et al. 1984 (NED)




Measuring method of jet width

VLBA@15 GHz (Data sets from haga+2015) T ) VLBA 15.3 Ghz
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Measuring method of “radiation” profile

only for NGC 4261 New approach for

jet radial profile

VLBA@1GHz

sliced along the jet axis

—*= Intensity [Jy/beam]
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m— Measuring method of the BH position

Correcting the core shift effect
- There is not always the black hole at the origin of the jet image

- Effect of optical thickness (frequency dependent) It will change the resulfs
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« NGC 4261:. Already measured the BH position (Haga+20146)
« CygA: We decide the BH position by using the measured core position in Bach 2004
« NGC 1052: We decide the origin of jet by using the measured jet speed in Vermeulen+2003



RESULTS

 Jet width profiles
e NGC 4261
 NGC 1052
* Cygnus A

* Radiation profile
e NGC 4261



Approaching jet (AJ)

NGC 4261
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De-convolved jet width W (Rg)
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Counter jet (CJ) width profiles
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Fitting function and results

B Power-law (PL) fit
— a
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B Broken power-law (BPL) fit
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Fitting results (r =103~107 R¢)
1. The approaching and counter jet structure is symmetric within the error
2. NGC 4261 and NGC 1052 have a structural tfransition
3. Cygnus A does not have a transition but have a big gap in one order
4. The jet width varies by source
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Power-law index in upstream

0.51x£0.13 parabolic

0.03 £ 0.06 over-collimation
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Power-law index in downstream
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Radiation profile along the jet axis

Flux density permas at 1 GHz F’ (Jy mas'1)
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Radiation profile along the jet axis

Flux density permas at 1 GHz F’ (Jy mas'1)
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Radiafion profile along the jet axis
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DISCUSSION

* Physical properties
calculated by using the jet width profile
and the radiation profile
- NGC 4261

* Discussion about characteristics of 5 samples
» Difference between FR-l and FR-l|
* Torus in NGC 1052
« Jet width deference in 5§ samples
« A big gap in Cygnus A



Calculation procedure of the physical properties
using jet width and radiation profiles of NGC 4261
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BINGIUAN[O]N

5 et properties

A. Synchrotron luminosity per volume: Ly,n/Vv [erg/s/R¢’]
Lsyn = I(r) x W(r) x Bpeam

B. Synchrotron luminosity per unit jet length: L./l [erg/s/R]

C. Jet pressure: P(r) [dyn cm]

Biy , (1+KE

Qo€ 3V

D. Magnetic field strength:  B(r) [G]
Beg= (6TT(1+K) CrpLgyy @71 V-1 )27

P, radio —

E . Magnetic energy: B(r)?W(r)? [erd]
UB =2 UO_] Beq2 1TW(I‘)2




A. Synchrotfron luminosity per unit volume L,./v [erg/s/R¢’]
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B. Synchrotron luminosity per unit jet length Ly /I [erg/s/R]
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C. Jet pressure  P(r) [dyn cm™]
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C. Jet pressure  P(r) [dyn cm™]

compored to ex’rernal pressure in kpc scale
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C. Jet pressure P(r) [dyn cm™]
compared to external pressure in kpc scale
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D. Magnetic field strength  B(r) [G]
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|
E. Magnetic energy o« B2W(r)2 [erg/Rq]
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The transition of spectral index in region (i)
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'c—f 1.0
— The kinetic energy is dissipated g 2}
info the particle energy D a4l 10°
(and also magnetic energy) 16} | |
-1.8
-2.07 : — ‘H'Is ..910-7
10 10 10

De-projected distance r (Rg)

(iii) radiation

(i) (i)

Magnetic energy Dissipation \

kinetic energy — Electron and

— Acceleration .
magnetic field

Flux density per mas F’(Jy mas'1)



Energehcs of the jet from forming to dissipation

R T — | | | | Decrease the energy in (i) and (ii)

> E%%E%E%: Energy is injected into the magnetic field in (i)

O 10*f 43GHzVLBA —— )l

z Pt // (i) (i) Magnetic energy — Kinetic energy

(?lﬂ 1071 \\;\\;\ - // ] + Q o 2
e . (+ radiation energy.)

> L Y - bulk Acceleration

12 b / (XX g . . .

2 v | ~ ! (|||) (i) Kinetic energy — Magnetic energy

® | Y A5 W S - bulk Deceleration

-_,(:) 10' b I ”/ I ™~ 1

)

c | % . . . . .

S Parabolic ! - Conical The fl!’ST suggeshoh of the jet energetics

S 0k = = - - by using observational results

Distance fromthe BH r [Rs]

BH gravity sphere <—:—>Goloc’ric
. " radiation
0 (i)

gravity sphere

A
Magnetic energy Dissipation \ T f Piet
_, Acceleration kinetic energy — Elec’rron. oqd
magnetic field

Parabolic 104 R, Conical  108R

Conical
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Comparison of 5 samples
Jet structure and transition

—_—
o_\
o

B Parabolic > Conical a7 S

. M87 a~0.5>1 A !
+ NGC 6251  a~0.5>1 = 10T Noc4zet N
« NGC 4261 a~0.52>1 g 3
O Over-collimation = Conical — FR | 3 0
« NGC 1052  0~0.03->1 g
. (3C 84 a~0.25>7) : 10
Nagai et al. 2014 ] a 10 b / _
B Parabolic = Parabolic . ' ! L eeeeeeetnenn1SCO. '
« Cygnus A a~0.5>0.5 10 i 1
—— FRII

10° 102 10" 10°  10® 10"
De-projected distance r (Rg)
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Over-collimation and plasma torus

NGC 1052 hosts plasma torus 3C 84 also host plasma torus and over-collimation structure

ST |
S ] g
g / ™~ o power-law fit for LL ———
@ i > power-law fit for RR
<] -4 -3 upper limit (LL) <7
3 ;I \.\\ £ upper limit (RR) ¥
2 / ~ _
o0 / ~o ] g | W o r025+003 o

."'lvyi:"“wi:'vv'évv‘v"rav");h‘v.tfu 2 -g LY

! Relative right ascension [mas] k % N §

IES———S—S—— v
- . ’E (b) FFA torus
Z8}
!
E :\’:-— Ambient FFA plasma 108 !
w8 - ° 10° 10* 10°

y: - - - e ! o5 i o e s deprojected distance from the core [rg]

) ) LOffset along tThe slice [mas] 3C84 GEOMETRY

! Symmetric Jets / Absorbing Disk Model .
(C) i VIEW FROM SIDE VIEW FROM EARTH 3C 84 JeT SUggeSTS
i N Pext ' (Nagai+14)

=
3
-3

To Eanth orb
;w deg
FFA torus Oisk with ionized gas ﬁ Q
Disk absorption fails with
© distance

\ - Walker+1995

Eastern jet

y The external pressure by plasma torus makes PocrO

Western jet

_— (cylindrical) ? - Over collimation

Ambient FFA plasma

Kameno+2001
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The transition point is nearby the plasma ftorus size

10° I I

8 appFoac:hin'gjetI+
107 1 counter jet

Plasma torus size ~ 0.5 pc
10° I (Kameno+ 2003) «

-1

10 | | | | | |

10" 10> 10" 10 10° 10* 10° 10° 10" 10° 10°
De-projected distance r (Rg)

The torus (over-)collimates the jet in NGC 1052 (and 3C 84) ¢

9 i

x 10’ b bin-approaching —— |

> 6 bin-counter —=— i

I- 107 1 approaching jet : il
S 10° F counter jet E i
= 4 combine 1t

= 10*F ' it |
= BN et

3 10° F =TTVY MG | i
z 10 | _
£ 10 f l
?

(O]

a

1
—]
1
1
1
1

| | |
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O Narrow jet : 2 sources
« M87 (i~11 deq)
« NGC 6251 (i~19deq)

O Broad jet : 3 sources

« NGC 4261 (i~63 deg)
« NGC 1052 (i~86 deg)

« Cygnus A (i~75 deg)

Narrow jet small
Broad jet large

De-convolved jet width W (Rg)

1010

—_
C>00

10°

Comparison of 5 samples
about Jet wid

th

F .
-
.
.*
-
-
-
-
3
2

| M87 A
NGC 6251 !
" NGC 4261

4D
7,

i

10 10 10t 10®°  10® 10"

De-projected distance r (Rg)
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J1230+12 at 4.866 GHz 2000 Mar 23 e

M87
VSOP 5 GHz
(Asada-2t al. 2016)

Layer of the jet

3C 84
RadioAstron 22 GHz

O Limb-brightening (Observation)
O Spine--sheath (Theoretical model)

Crediti: RadioAstron /
G.Giovannini(UniBo/INAF),
M.Orienti (INAF)

Inner and outer layer
have different speed

CygnusA
VLBI 43 GHz (Boccardi et al. 2016)




Beaming/de-beaming effect due to jet speed and inclination

Inclination small: faster layers get large Doppler factor (Brightening)
Inclination large: Slow layers are relatively brighter than fast layer
although both layer get dark

40,, / 2
) 'Se,. N b _ -\l,"' 1 - ﬁ
/] arrOW -~ T .
, 1 — B cosi
- L L L
30— 7 = 18 -
M87, NGC 6251 | - y=10
25 :‘ R - T —— y=5 -
o o 39_3.% D
———————— %2 % 20 _x(% 3 ]
& B4 D D
- 15 | %(Q -
- : =
Broad s wf ‘X‘Q/ 3
AN De-beaming
NGC 4261 T NG (Dimmining) 1
L B s AT ST P meeriptor vl s Lot o LT
NGC 1052 00 10 20 30 40 60 60 70 80 90

Cyg A inclination i
- /
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_ ° ° ° ® o107 10° 10° 10 10° 102 107 10" 10! 10?
10
‘wBiasGHz Al e T
—
10% -
VLBl 2 Gy
2 Gl

profile (Cygnus A)

Assumptions in each layer (1) different brightness temperature
(2) different jet speed

wolved jet width W (r)

- Think the beaming effect viewing from inclination ~75 deg

Co-moving flame

(No beaming effect) —/=—
. Low brightness(<108K) - High brightness (>105K)
- Slow outer layer - fast layer
Observer flame i
(Beaming effect)
VLBl beam (>1O7K) VLA beam (>102K)
cannot detect outer layer cannot detect inner fast layer

because of detection limit because of de-beaming effect
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Big jump in Jet-width

We considered quantitatively

profile (Cygnus A)

B Brightness ratio

= 5
O —~ R .
85 0.001 (a) Brightness ratio
TI T 88 4 /0% 00 L
f = £ = — —
TB?)Slgs TB??]% 6fpast "E % :23 ] i 10
Ty [Taow — /T2, — Lcosi SZ 4
= T\ T s 11 5 10 15 20 25
Bint fast — |/ L fagy — 1 COS? Lorentz factor (fast layer)
B Flux ratio . 5
S —~ 7 .
1 1 © © _10.01 b) Flux ratio
S T Watow 0 Dy LR A 1 Y
fast fast D NS - 10 .
S, oiss TBaiLflt Wfast 0 6fast E, E) 2 100 —
W. Tslow S £ 1 e e
—  _Slow ZBobs, 1 5 10 15 20 25
Wiast TBobs Lorentz factor (fast layer)
Intrinsic brightness ratio VLA beam
9 VLBl beam

between inner and outer layer
TSlowBin’r/TfOSTBin’r = OO]

p=2-a; a~0.7 (spectral index)

I jet speed

6: Doppler factor

W: Jet width

i: inclination angle

0: Resolution of telescope

outer

Accelerated area

non-accelerated area

=

inner : cannot
I detect because of

the de-beaming
effect

: cannot detect because of detection limit of telescope
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De-convolved jet width W (r) (Rg)

Big jump in Jet-width
profile (Cygnus A)

PrOjected dlstance arcsec
107 10 10° 10* 10® 102 10

10°

T T T
VLBI 43 GHz AJ —e—
VLBI 4.9 GHz AJ —e—
VLA 22 GHz AJ
VLA 4.9 GHz AJ
VLBI 43 GHz CJ
VLBI 4.9 GHzCJ —e—
VLA22 GHzCJ —e—
VLA5GHzCJ ——

10° 10" 10° 10® 10* 10° 10°

De-projected distance r (Rg)

De-convolved jet width (arcsec)

Recent theoretical models suggest that outer
layer is faster than the inner one,

e.g. Nakamura+ 2018

It is also possible that the big jump
in Cygnus A jet is really expanding ...
We have to more study for this mystery



Summary

We found common / different properties of AGN jet
width profiles and approached its forming mechanism

1.

Structure development (distance dependence)

® The structural transition point depends on the object

® Bipolar jets are quantitatively symmetric

® Jetlocally over-colimated by plasma torus

® The structural tfransition differs between FR-I and FR-Il type

Multi-layered structure?

® 5 samples of jet width suggests multi-layer structure,

® which causes differences in apparent jet width depending
on the Inclination angle (beaming effect).



Summary

We suggest the energetics of NGC 4261 jet by observationadl
measurements (jet-width & radiation profiles) af first.

Increasing the magnetic energy and
Decreasing the magnetic field luminosity per unif jet length
energy and radiafion

Balanced the Jet pressure
Structural and the external pressure
transition

: T radiation
(i) (i) (iii) \ x
Magnetic energy Dissipation Piet
_, Acceleration kinefic energy — Elecfron and

magnetic field

Parabolic 104 R, Conical  104R,

Conical
BH gravity sphere «— ,—s Galactic gravity sphere







