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类星体发现
• 3C 273 （Schmidt 1963）



Radio loud vs radio quite AGN

SDSS–FIRST sample
Baloković et al. 2012

Palomar-Green (PG) quasars
Falcke et al. 1996
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活动星系核能谱分布

Radio loud
Radio quiet

Elvis et al. 1994 
Shang et al. 2011



Active Galactic Nuclei

• Radio Quiet

• ~90%

• No jet

• Radio Loud

• ~10%

• Jet



AGN辐射

• 吸积盘

• 宽窄线区

• 尘埃环

• 喷流：非热辐射
射电、光学、X-ray、伽玛射线



Heber Curtis (1918)AGN jet



Heber Curtis (1918)AGN jet



Heber Curtis (1918)AGN jet

NGC 4486
Virgo A
M87

by HST



M87喷流与黑洞



Astrophysical jets

AGN

binary pulsar

protostar
GRB

• Various astrophysical 
systems

• Jet process is universal



喷流：宇宙生态系统

• 黑洞反馈

• 喷流和风的作用

美国国家科学院，Astro2020



喷流：高能天体物理

• 黑洞
   喷流物理

• 高能宇宙线

• 高能中微子



AGN jets

• Large size (3C 236)

• Superluminal motion
velocity reaches

• Polarization

• Variability

• Broadband emission……
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AGN jets: problems

• Jet launching, acceleration and collimation

• Jet propagation, energy dissipation and radiative processes

• …



The key role: B !

• From observations

• From theoretical arguments



Jet launching

Magnetic frozen
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Jet acceleration and collimation

magnetic pressure gradient

pinch

strong B

weak B



黑洞：弯曲的时空、无实体表面

如何驱动喷流？



从法拉第转盘到黑洞“发电机”

B

Black hole

弯曲时空电磁学平直时空电磁学

金属导体

u



Magnetic driven Magnetic 
stream surface

Moving eq.

Stream surface projection: 
energy, angular momentum conservation

Radial projection: jet shape

B̂

Ê

Black hole spin/accretion
Magnetic field rotating

the pulsar equation



磁主导喷流解析模型-典型物理量

• 喷流轮廓

• 磁场结构

• 速度分布

• 转折1（阿尔文面）

• 转折2（磁能-动能主导）
BH jet a=0.1

Chen & Zhang 2021
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磁主导 磁主导 动能主导

抛物线轮廓 抛物线轮廓 锥形轮廓

逐渐加速 逐渐加速 均速或减速

非相对论性速度 相对论性速度 (非)相对论性速度

环向速度主导 极向速度主导 极向速度主导

极向磁场主导 环向磁场主导 环向磁场主导

Chen & Zhang 2021

磁主导喷流解析模型



Is relativistic jet driven by black hole?



GRMHD

• BZ/BP
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Tchekhovskoy et al. 2011



Jet power

• Jet power > accretion power

• Accretion disk driven

• Black spin driven

1 

Ghisellini et al. 2014; Chen 2018



射电核-核移

jet

光学厚平谱

• 核位置：频率依赖

• 同步辐射光深效应

• 磁场



Black hole accretion 

• Magnetically Arrested Disk (MAD)

Observational test:

• Radio → magnetic flux

• Optical → accretion 

Zamaninasab et al. 2014
Guo et al. 2024



黑洞驱动喷流
Jet morphology near black hole

Lu et al. 2023



Black hole driven? direct measure?

The EHT collaboration 2021 Chael et al. 2023

@~5Rg, Poynting flux flow out!



Jet production

• X-ray dip relate to knot production

• Jet base – corona?

• Similar to microquasar: GRS1915+105
Mirabel & Rodríguez 1998

Chatterjee et al. 2011

3C 111

https://ui.adsabs.harvard.edu/search/q=author:%22Rodr%C3%ADguez%2C+L.+F.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/search/q=author:%22Chatterjee%2C+Ritaban%22&sort=date%20desc,%20bibcode%20desc


Is relativistic jet magnetic driven?



• Magnetic driven

• Accepted model

• Almost no 
competition  
models

• Validity？
  need observational check

Magnetic driven for relativistic jet



Magnetic driven-helical field

Park et al. 2019

Asada et al. 2002

Attridge et al. 1999



Magnetic driven
• Ordered helical magnetic field

Marscher et al. 2008, 2010
IXPE, Di Gesu et al. 2023

PKS 1510-089
Mrk 421

helical field
helical motion

polarization angle 
continuous changing



• Periodic variability

Jet structure: helical motion



• Periodic variability

monthly

Jet structure: helical motion

Zhou et al. 2018



Spine/layer

The velocity difference 
between spine and layer 
amplify the photon 
energy density →
increase inverse 
Compton luminosity

Ghisellinie et al. 2005
Chen 2017
Gaur, Chen, et al. 2017

layer

spine

Mrk 421



Jet structure/spine layer

• Limb brighten （~ 10 jets)

Hada et al. 2016



磁场驱动喷流？

• 最内区

• 极向磁场

• 环向速度

• 磁主导

什么算是“决定性”证据？’



AGN辐射

• 吸积盘

• 宽窄线区

• 尘埃环

• 喷流：非热辐射
射电、光学、X-ray、伽玛射线



AGN喷流的辐射



Gamma-ray AGNs

• Ajello et al. 2022, The Fourth Catalog of Active Galactic 
Nuclei Detected by the Fermi Large Area Telescope: Data 
Release 3

TeV

GeV 



AGN wind vs jet

• 16 RL Seyfert I

• Wind inverse correlate with radio loudness

• Similar to microquasar GRS 1915+105

Mehdipour & Costantini 2019



AGN with ultrafast outflow

• Radio quite AGN

• v=0.1 c

• Fermi/LAT

• ~ 5.1 sigma

Ajello et al. 2021



喷流能量耗散、粒子加速、辐射区位置？



HESS

Cen A extended VHE emission



M87 VHE emission
Abramowski et al. 2012

• 2005outburst @HST-1 ~ 100 pc 

• 2008outburst @<1.2mas ~ 150 Rs 
Aharonian et al. 2006; VERITAS Collaboration 2009



喷流团块碰撞

Meyer et al. 2015

3C 264, radio

Archer et al. 2020



极速光变

Aharonian et al. 2007

PKS 2155-304 

Zhu et al. 2018

• 分钟

Name GeV TeV X-ray optical Type

BL Lacertae ~1 min ~13 min ~1.7 hour LBL/IBL

3C 279 ~5 min FSRQ

PKS 1510-089 ~20 min FSRQ

PKS 2155-304 ~1.2pm0.2 hour ~3 min HBL

Mrk 501 ~2 min ~1 min HBL

IC 310 ~4.8-1 min RG/BL

Mrk 421 ~15 min HBL

PKS 1222+216 <1.6 hour ~8.6 min FSRQ

S5 0716+714 ~3 min <0.2 day IBL

PKS 2005-489 ~0.5 min HBL

3C 371 ~10min BL

Otero-Santos et al. 2024



On the origin  - 磁重联？

The EHT collaboration

• Mini-jet

• Magnetosphere



Chen & Bai 2011
Kang et al. 2015

通过能谱限制辐射区位置



Magnetic dominated?
• Emission region

• SED modeling 

• Variability



SED



SED

• Two bumps

synchrotron

IC or hadronic?

• Blazar sequence

LSP, ISP, HSP

cooling?



Gamma-ray spectra 

Costamante et al. 2018

• A possible extra (3rd) component?
• Simultaneous data, variability
• Origin?

de Menezes et al. 2020

https://ui.adsabs.harvard.edu/search/q=author:%22de+Menezes%2C+Raniere%22&sort=date%20desc,%20bibcode%20desc


SED

• State?

• Power-low

• Log-parabolic

• ......

Anderhub et al. 2009

The H. E. S. S. Collaboration 2024

M87

https://ui.adsabs.harvard.edu/search/q=author:%22Anderhub%2C+H.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/search/q=author:%22H.+E.+S.+S.+Collaboration%22&sort=date%20desc,%20bibcode%20desc


粒子加速：抛物线能谱

• 能谱曲率和峰值频率反相关

Chen 2014



粒子加速

• Fermi一阶



粒子加速

• Fermi一阶
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粒子加速

• Fermi一阶

• 加速概率

• 能量增加比值

• 初始能量

• 幂率谱

u1>u2

ap g=

.cons =

0

ln / ln( ) gN  



粒子加速

• Fermi一阶

• 加速概率

• 能量增加比值

• 初始能量

• 抛物线谱
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粒子加速

• Fermi一阶

• 加速概率

• 能量增加比值

• 初始能量

• 抛物线谱

u1>u2
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光变



Blazar variability



光变特征

• 规则性光变，QPO，时标，起源

• 高频领先低频

• 短时标光变

光深问题，相对论聚束效应

PG 1553+113, Ackermann et al. 2015



Fractional variability

Fermi/LAT, Bhatta and Dhital 2020



Fractional variability

• 起源

• 幅度

• 时间



Log-normal distribution

Bhatta and Dhital 2020 Shah et al. 2018



Power spectral density (PSD)

• 3C 279: radio – gamma-ray

• Slop: frequency dependent?

• PSD: break? timescale?

3C 279

Goyal et al. 2022

https://ui.adsabs.harvard.edu/search/q=author:%22Goyal%2C+Arti%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/search/q=author:%22Goyal%2C+Arti%22&sort=date%20desc,%20bibcode%20desc


PSD: PKS 2155-304

Goyal 2020
Aharonian et al. 2007

https://ui.adsabs.harvard.edu/search/q=author:%22Goyal%2C+Arti%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/search/q=author:%22Aharonian%2C+F.%22&sort=date%20desc,%20bibcode%20desc


EBL与河外高能光子

Cooray 2016

• 光学红外EBL

• 吸收VHE光子



EBL and IGMF: TeV and GeV



The maximum energy of extra-galactic photons

• @outburst

• Mrk 501： ~20 TeV

• M87: ~20 TeV

Aharonian et al. 1999

Aharonian et al. 2006

The H. E. S. S. Collaboration 2024

M87

https://ui.adsabs.harvard.edu/search/q=author:%22H.+E.+S.+S.+Collaboration%22&sort=date%20desc,%20bibcode%20desc


EBL constrain

• VERITAS

• PKS 1441+25

• z= 0.939

• ∼200 GeV

• EBL: near galaxy counts limit

Abeysekara et al. 2015

https://ui.adsabs.harvard.edu/search/q=author:%22Abeysekara%2C+A.+U.%22&sort=date%20desc,%20bibcode%20desc


EBL constrain

• H.E.S.S. & VERITAS

• blazar samples

• EBL: near galaxy counts limit

H.E.S.S. Collaboration 2017

VERITAS Collaboration 2019



Gamma-ray halo and IGMF

• stack 24 HBLs

• z < 0.5

• Extended emission (halo):

p ∼ 0.01

• BIGMF∼10-17- 10-15 Gs
Chen et al. 2016



弯曲时空电动力学

• 弯曲时空电动力学的建立
    洛伦兹不变形式，闵可夫斯基度归替换为
弯曲时空度归，偏微分替换为协变微分

• 其正确有效性是当代

(天体)物理学应该回答的问题！

• 黑洞：磁层结构

电动力学 广义相对论

+

电磁辐射：伽玛射线和射电辐射



谢谢！



• 喷流是磁场驱动的吗？

• 喷流是黑洞还是吸积盘驱动的？

• 喷流准直和加速区域统一吗？

• 喷流磁场起源：有序和无序磁场？

• 喷流能量如何输运和耗散？

• 喷流是高能宇宙线起源地？

• ……

问题：



Radio loudness

Maoz 2007

• RL increase at low luminosity/Eddington ratio

• LLAGN

Sikora et al. 2007



多波段辐射

3C 279, Böttcher et al. 2009

https://ui.adsabs.harvard.edu/search/q=author:%22B%C3%B6ttcher%2C+M.%22&sort=date%20desc,%20bibcode%20desc

