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Qutline

1. Kinetic and radiative power from accretion

2. Signature of outflows In the photon output

3. Interaction of outflows with surrounding gas

4. Difference between BH and NS outflows?
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Accretion «— jets, outflows

Jet produced at all scales (compact object + accretion)

Jet velocity ~ escape velocity from the compact object

Protostars (Herbig Haro objects)

White dwarfs

Neutron stars

Stellar-mass BHs

Gamma-ray bursts

Supermassive BHs in: Tidal disruption events
AGN
Quasars

In this talk | will focus on the super-critical regime
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Definitions

Eddington limit

luminosity at which radiation pressure force = gravitational force

Critical mass accretion rate (mdot = 1)
rate at which L = Ly, for standard efficient accretion

Super-critical accretion
when accretion rate mdot > 1

l « Super-Eddington luminosity
may result in » Jets, outflows
* Inefficient accretion (photon trapping)
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f Open problems of super-critical accretion

N
i

1. Inflow structure near ISCO

« Temperature, geometry, wind emission & abs lines
» Difference between magnetic/non-magnetic accretors

2. Jets Iin the super-Eddington regime

 Powered by accretion or by BH spin?
« Steady or flaring?
« Co-existing with slower, denser winds?

3. Jets/ISM interaction

ULX bubbles, hot spots, optical nebular lines
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A MHD simulations of accreting stellar-mass BHs
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Super-critical High/soft Low/hard
(“ultraluminous”)

L, ~ 1E39 — a few E40 erg/s

Jets (?)




Jets in the super-critical regime?

Theoretical models always predict jets
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Jets In the super-critical regime?

Observations still inconclusive
Evidence of jets in some sources but not in others
Often difficult to prove super-critical accretion

Testing jet models is important for understanding

« Early growth of nuclear BHs

Feedback and removal of gas from galaxies
BH mass range in X-ray binaries

Tidal disruption events

Most important parameters remain untested
Piet / Ly P, / (Mdot c?)
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Jet power can be > radiative power
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But blazars are mostly sub-Eddington (Ghisellini et al 2014)

What happens in the super-Eddington regime?

.



* How to test jets in the super-Edd regime?

.
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/ Some tidal disruption events

T Ultraluminous X-ray sources (ULXs)
= highest luminosity class of X-ray binaries

X-ray
heating Companion
star

~ Stream-impact /
\ N
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Accretion
stream

Accretion
disc




{3%) How to detect jets near a BH or NS

i

g

Two possible ways to detect a jet near its launching radius

1. Core (flat-spectrum) radio emission

Standard technique in Galactic X-ray binaries
Scaling relations between Lg and Ly

2. Relativistic Doppler-shifted (optical/X-ray) lines
Discovery of jets in Galactic BH SS433 and in M81 ULX

. -



How to detect jets near a BH or NS

Core radio emission
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Steady jets too faint to be detected in other galaxies
S, ~1pdyats Mpc —>  requires SKA
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How to detect jets near a BH or NS

Core radio emission
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Radio emission from flaring ULX jets
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24"
23" L, ~ 1 x10% erg/s
P,~2x10% erg/s

Ly ~4 x 10°° erg/s
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18 Steep radio spectrum
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Flaring jet in Holmberg Il X-1 (Cseh et al 2014,2015)
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Qutflow signatures on ULX spectra

i Fully .
Jet ionized? ‘1///)
Emission ~ Cy
Ho IX X1 Absorption lines

) NGC 1313 X1

Emission 2
Absorption lines

NGC 5408, 6946 X1

~ e NGC 55 ULX
Blueshifted

-» Line emission
ULS regime

(adapted from Pinto et al 2017)




Qutflow signatures on ULX spectra

(Middleton et al 2015) 1 o
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Qutflow signatures on ULX spectra

Energy (keV)
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120-ks XMM-Newton/RGS spectrum of the ULX in NGC 55
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NGC 1313 X-1 RGS

Flux (photons m2 g1 A1)

— Narrow-line model (@]

| — Broad-line model
| L L N ) | ! L ! L |

NGC1313 X-1

350-ks RGS spectrum
(Pinto et al 2016)

Flux (photons m=2 s~1 A-1)

NGC5408 X-1

650-ks RGS spectrum
(Pinto et al 2016)

QOutflow signatures
on ULX spectra

Emission lines
from slow-moving gas
v~0.01—0.1c

Absorption lines
from fast-moving gas
v~01—-02c
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Jet signature in the pulsar ULX P13

| 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019
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Jet signature in the pulsar ULX P13

| Strange line at 4.5 keV
T o (redshifted Fe Ka line?)
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(Soria, Motch & Pakull in prep)
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| : H Strange line at 4.5 keV
| (redshifted Fe Ka line?)
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ULX unification model

Hard Soft

Supersoft

Spectral hardness

function of viewing angle
(Sutton et al 2013)

Downscattering of X-ray
photons through the wind

=300 =200 -100 100 200 300

X o
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keV? (Photons cm~2 s~ keV-1)

10-3
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10-°
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| Super-Eddington BH
| with optically thick wind

Super-Eddington BH

& 1

h ULS

X-ray photons
thermalized by the wind

Bl o+ with optically thin wind

X-ray photons

scattered by the wmd
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Radius (km)

Ry, ~ (T,,)? as expected from a ULS photosphere
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NGC4038/39
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| (Urquhart & Soria 20
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Recap so far

PART 1

Evidence of jets/winds near the compact object
(d ~10—10,000 km)

Next: PART 2

Evidence of jets/winds at large distances
(d ~ 100 pc)




Qutflow / ISM Interaction

Standard bubble theory (weaver et al 1977)

(d)
AMBIENT

INTERSTELLAR GAS (c)
SHOCKED

INTERSTELLAR GAS

(b)
SHOCKED
STELLAR WIND



Qutflow / ISM Interaction
Overpressured cocoon (Begelman & Cioffi 1989)

V /SHOCKED IGM
c

OBSERVABLE
\ RADIO LOBE
SHOCKED

JET MATERIAL
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Ambient
Gas

\ Bow
Shock
______ '_/'. Cocoon of
o shocked
bient o
3;“5 - Similar structure

for a jet




Qutflow / ISM Interaction

P, ~ 0.1 Mdot c? ~ few 10%° erg/s

Duration of super-critical phase
t ~ few 10° yr

Total energy injected into the ISM
E~P,t~10 erg

ULX jet bubbles ~ 10 x more energetic than SNRs
D, 32
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VLA image, Dubner et al 1998




Some jets are easy to identify
S26 iIn NGC 7793

Pakull, Soria & Motch
(2010, Nature)
Soria et al (2010, MNRAYS)

HST

diameter ~ 270 pc ﬂ:l
Chandra

Jet-inflated bubble with hot spots b
P,~10%° erg/s > (apparent) L,
Lsc, (bubble) ~ 10% erg/s ATCA 5.5 GHz



S26 microquasar in NGC 7793

Shock-ionized bubble Age ~ 300,000 yrs, v ~ 270 km/s

Ho 9 GHz -




ATCA 9 GHz

Chandra
X-ray contours




HST close-up view ‘Jg

of the southern lobe = BH

Ho filter

o

X-ray hot spot

Pt ~ 1E40 erg/s



NGC 5585




HST WFC3 UVI'bands *.  NGC 5585 X-1
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HST.WFC3 Ha ) NGC 5585 X-1

S (Soria, Motch
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VLA 1.5 GHz NGC 5585 X-1

. (Soria, Motch
4" = 150 pc & Pakull in prep)
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{3%) Mechanical power in shock-ionized bubbles

i

G,

Similar to SNRs but larger (100—300 pc) and older
Shock velocity ~ line FWHM ~ 150—250 km/s

Two complementary techniques mw pakul et a)

a) Measure bubble size (R) and expansion velocity (V)
» P;~nR*V?

b) Measure flux of diagnostic lines (Ha, HB, [Fe Il] 1.64um)

» P, scales with optical/IR line flux
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NGC 300 -
»ESO22m -




NGC 300 0.3-7 keV NGC 300 S10

Jet with multiple
X-ray knots

X-ray, Ha
and radio detection

Lecy, (jet) ~ 1034 erg/s
satiz (1e) . HII region

(Urquhart, Soria, Pakull et al 2019)



NGC 300 0.3-7 keV NGC 300 S10

Jet with multiple
X-ray knots

X-ray, Ha
and radio detection
Loy, (jet) ~ 1034 erg/s

II region
(Urquhart, Soria, Pakull et al 2019)
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SNR or microquasar bubble?

(Bruursema et al 2014)

1 I | 3 I 1 I I I I I I

1 3 =3

e N L R e Ml T T ER W el e BT e Dl S E
00.96s 20h35m00.48s

RA (J2000)

MF16 in NGC 6946

Strongest [Fe |l] source in NGC 6946
IS In fact a microquasar jet

I l IthllIIIIII I IH
] ] llllllllllllll I I
‘ : O _
3
! =
| l il bl
T | RARLNRALLYRRRNRRRLELERRY L
| | PR I T e |
(kLI | RARA LALLY RALLNRRRRY RELLY|
'ln _
| lllllllllllllll l
T T | ALY LAY LLLLY| |
wlon bbbl |

34.0"F . &
33.0°F

o

31,0° §
30,0" §
29,0° E
+60°11'28.0" 5

i T i v |
LAY LA LA L L L

Dec (J2000)

E
32.0"F

VLA radio contours
HST optical image

(Beuchert et al in prep.)







(Soria et al 2014, Science)
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Putting together our findings so far

v’ Several ULXs with jets (P, ~ P.og > 103 erg/s)

v’ Several ULXs with fast and/or dense outflows

v Typical duration of the super-critical phase ~ 10° yr
® Other bright ULXs have no evidence of jets

® Several ULXs have high inclination but hard spectra

® Hard and soft ULXs have similar luminosity range

— Problems for ULX unification model
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Problems with ULX unification model

Some ULXs have
high inclination
but hard X-ray spectra

Some ULXs have
stronger jets/outflows
at same accretion rate

=300 -200 -100 0 100 200 300




fj An additional parameter: NS vs BH

% A

G,

Strongly magnetized vs
weakly-magnetized accretion

= Weaker jets In NSs for same accretion power?

= Different jet launching mechanism in BHs and NSs?

= Can NSs exceed Edd luminosity better than BHs?




NGC 5907 ULX

E
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Accretion onto NSs

Strong magnetic field
(for mdot > 1, B > 1012 G)

Polar accretion columns
No disk outflows/funnel?

Weak magnetic field
(for mdot > 1, B <~ 1012 G)

Disk accretion, strong outflows
BH = NS

59



log p (NS)
-4

Weak-field NSs s
similar to BHs ’

z/Tg
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Gas density =
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(Ohsuga 2007)




No disk outflow If inner disk is missing

Magnetospheric radius > outflow launching radius
B, > 0.5m%/4

Ly ~ m (2 x 1038) erg/s




__— s . R | |

Magnetospheric radius > outflow launching radius

NSs with B ~ 1013—1014 G can be hard-state ULXs




5"~ 100 pc

Similar huge bubbles for NGC 1313 X-2 and NGC 5585 X-1
Similar Ha luminosity ~ 1037} erg/s
NGC 5585 X-1 at least 100 times more radio luminous
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Radio loud and radio quiet bubbles

Radio luminosity determined by many physical parameters
(not a simple function of jet power)
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NGC1313 X-2: another NS bubble?
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Conclusions

Jets/outflows are important in super-critical regime
(ULX — quasar comparisons)

R

Both NS and BH ULXs produce strong outflows

Difference between strongly and weakly magnetized NSs?
Jet power = accretion power or Blandford-Znajek?

Are NS bubbles less radio luminous?




NGC 5408 X-2: BH + LBV star?

Chandra X-ray image (Pakull et al, in prep)
VLA 4.9 GHz contours (Lang et al 2007)




NGC 5408 X-2: BH + LBV star?

[ ESO-VII ) " HWZI =5000 km/s |
| 2010 Herr, EW= 12100A
| 4686111 V=19.0 N Ho |
NGC 5408 | l u [_ B.V=] & ‘ 1 1 ;
=1 1 Y B
l
.
HV Hell2.4686 |HP
10" = 240 pc il '\ | ', h ]

e ?l‘*' M \ WL. w"ww'ﬂ\'im’n \‘;\" ‘W' [\"'Mn\,‘

Very broad (HWZI ~ 5000 km/s) and very bright (EW ~ 2000 Ang) Ha emission
Strong photo-ionized He |l 4686

Qutflow from super-Eddington BH in a Common Envelope? (Pakull et al in prep)
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SS433: the most powerful BH in our Galaxy?

I'he Radio—X-ray correlation

welinatson (J2000)

of I

[ egrees

Degrees of Right Ascension (J2000)




SS433: the most powerful BH in our Galaxy?

1600 AU

Very Long Baseline Interferometry images of the precessing jet




Michael Rupen
Craig Walker
Greg Taylor
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SS433: the most powerful BH in our Galaxy?

Paragi et al MERLIN+gl obal VLRI

| B—— |

200 mas

1.6 GH=z

June 1998
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SS433: the most powerful BH in our Galaxy?

ol

Brightening

Reglon
Core
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Region
7 July 2003
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