 The S-process 1s believed to occur
mostly in asymptotic giant branch stars;
occuring over time scales of thousands
of years, passing decades between
neutron captures. Producing heavy
elements beyond Sr and Y, and up to Pb,

* R-process which is believed to occur
over time scales of seconds in explosive
environments (core-collapse
supernovae). Radioactive isotopes must
capture another neutron faster than they
can undergo beta decay in order to
create abundance peaks at germanium,
xenon, and platinum



3 phases in SNR's life.

Free expansion (less than
200-300 years)

Adiabatic or "Taylor-Sedov”
phase (about 20,000 years)

Radiative or Snow-plow
phase (up to 500,000 years)

and then ... Merge with the
ISM



Supernova Remnants

See R+B sec 4.4

< — * Explosion blast wave sweeps up CSM/ISM
in
/' ®

- spectrum shows abundances consistent

Reverse with solar or with progenitor wind
shock

* As mass Is swept up, forward shock
decelerates and ejecta catches up; reverse
shock heats ejecta
- spectrum is enriched w/ heavy elements
from hydrostatic and explosive nuclear
burning

Radius

Patrick Slane Harvard-Smithsonian Center for Astrophysics




Supernova Remnant Cartoon

Forward Shock
into Interstellar or
Circumstellar Medium

Shocked ISM

Contact
Discontinuity

Unshocked Ejecta
Reverse Shock

Shocked into Ejecta

Ejecta

Forward shock moves supersonically into interstellar/circumstellar medium
Reverse shock propagates into ejecta, starting from outside



Py Shocks compress and heat gas

Mass, momentum, energy
= - conservation give relations
1 «+—FS (for y=5/3)

= P=4p,
V=3/4v

shock

T=1.1 m/my, (v/1000 km/s) 2
keV

X-rays are the characteristic
emission

These relations change if significant
energy is diverted to accelerating
cosmic rays
The shock is “collisionless” because its size scale is much smaller than the

mean-free-path for collisions (heating at the shock occurs by plasma
processes) coupled through the structure of turbulence in shocks and
acceleration

Collisions do mediate ionizations and excitations in the shocked gas 5



The Shock

A key ingredient in SNR dynamics is the strong (high Mach
number) shock which is “collisionless”™

the effect of the shock 1s carried out through electric and magnetic
fields generated collectively by the plasma rather than through
discrete particle—particle collisions

the shock system is given by the synonymous terms “adiabatic” and
“non-radiative” to indicate that no significant energy leaves the
system in this phase

a “radiative” shock describes the case where significant,
catastrophic cooling takes place through emission of photons

For standard 'collionless' shocks
kT=(3/16) MmpV52~ 1.2(V¢/1000)*keV



Kinetic energy of expansion (KE) 1s transfered into internal energy -
total energy remains roughly the same (e.g. radiative losses are small)

The temperature of the gas is related to the internal energy
T~10% Es, 2 n2>(t/2x10%yr) %>

n is the particle density in cm= E, is the energy of the explosion in
units of 10°! ergs

for typical explosion energies and life times the gas emits primarily
in the x-ray band

measuring the size (r), velocity (v) and temperature T allows an
estimate of the age

- 4T -SI6F . 1/3-1/3
tsedoy ~ 3X107TsPEs = yr

at T ~10°-107 k the x-ray spectrum is line dominated
7



If the density (gm/cm?) in the ISM/circumstellar gas is p.,

then the radius of the shock when it has swept up an equal mass
to the eject M., 1S simply
r1=2pc(Mejecta/M@)1/3 (P;/1072* gm/cm?)1/3

to get an estimate of the time this occurs assume that the shock
has not slowed down and the total input energy remains the same
(radiation losses are small) and travels at a velocity

\% /10* km/sec) to get

ejecta™ ( ejecta

= /(Veg/ 10% ki/sec) =200 yr(Es, )2 (M, oo/ M) (D102

om/cm?) 13
To transform variables total energy E=1/2M
r~(E/p, )15 123

ejecta

2,3 2
ejectaV PismV to get

8



Limit of Strong Shocks

e Ratio of temperatures behind and in
front of the shock 1is related to the Mach
speed, 7 , of the shock (shock
speed/sound speed 1n gas)

o T,/T,=Qy(y-1)7)/(y-1)°=5/167" the
adiabatic index y=5/3 (1deal gas)



Expansion of G1.9+0.3

e The simplest Type Ia SNR
model : ejecta with an
exponential density profile, p,
~exp(v/v, )t3, expanding into a 0
uniform ambient ISM
[Dwarkadas, Chevalier 1998)

e Velocity scale of ejecta
v,=2440E,"2(M /1 4Mg) 12
km/sec

| |
45 50
Radial Distance (arcsec)

10



Sedov-Taylor phase

This solution is the limit when the swept-up mass exceeds the SN
ejecta mass -the SNR evolution retains only
vestiges of the initial ejecta mass and its distribution.

The key word here is SELF SIMILAR (solutions can be scaled from
solutions elsewhere)

===> f(r, 1) becomes f(r/r..q *f(r.)
(skipping the equations) R.=12.4 pc (KEs;/n,)Y® 1,275
=390 yr R, T2 R,is the shock radius, T is the temperature

In the Sedov-Taylor model one expects thermal emission coming from a
thin shell behind the blast wave. As the shock expends the pressure
drops between the shock wave and the material ejected.

11



Forward shock into the ISM- is
a 'contact discontinuity'-
outside of this the ISM does not
yet 'know' about the SN blast
wave

Reverse shock- information
about the interaction with the
ISM travels backwards into the
SN ejecta

Shell like remnants

Shell velocity much higher
than sound speed in ISM, so
shock front of radius R
forms.

12



The 4 Phases 1n the Life of a SNR

4 limits
Blast wava Marging
1) blast wave, v=canet. r=cmnst

1 —_ T-10" K T-10" K T-10" K
velocity=const 10 ke e v_200 km &' v_10 km &

2)Sedov Energy = @ —---mmaeaa-. o —
=const

s

3) Snow plough
momentum=
constant

10"

Radius [pc]

4)no longer
expands,

merges with
ISM

10°

esee fig 4.9 in R+B

10"

107 '
10 10 10%
Time |yesars]

', Fig. 4.6)

10*

-
[, wy] Afdoien

10~

. 10°



3-D Structure

Fig. 2 Cas A present. Leftt Composite view of Cas A In X1ay (Chandra, preen & blue), visible (HST,
yvellow), and the IR (Spitzer, red); from Chandra Photo album, released June 20053, Right- A detailed 3D

reconstruction of Cas A also in X-ray (black & green), optical (yellow), and IR (red, blue & gray.) Doppler
shifts measured in X-ray and infrared lines provided the third dimension, from Delaney et al_ (2010).

Velocity data allows an inversion of the 2-D to 3-D structure

14



Free Expansion Phase

the ejecta expands freely into the interstellar medium. The expanding envelope

compresses the ISM, creates a shock wave because of its high velocity, and
sweeps up the ISM. During this initial phase, the mass of gas swept up is
<<mass of the ejecta and the expansion of the envelope is not affected by the
outer interstellar gas andit keeps its initial speed and energy.

Adiabatic Expansion Phase

When mass of gas swept up > mass of ejecta the kinetic energy of the original

exploded envelope is transferred to the swept up gas, and the swept up gas is
heated up by the shock wave roughly independent of the physics of the
explosion. The radiative losses from the swept up gas are low (energy is
conserved) - adiabatic expansion phase.

The evolution during this phase is determined only by the energy of
explosion E,, the density of interstellar gas, and the elapsed time from the
explosion t. A self similar solution relating the density, pressure, and
temperature of the gas, and the distribution of the expansion velocity exists (
Sedov-Taylor ) 15



Sedov-Taylor Solution

nice discussion in Draine sec
30.1.2

assume a spherical shock of
radius R and it has a a power
law dependence on energy of
the explosion, E, time since
explosion,t, and density of the
medium into which it 1s
running p.

R=AE“pbtn

with dimensional analysis (e.g.
the powers to which mass
lenght and time appear to get
mass a+p=0, length 1-20-3p=0,
-204+n=0 time

one solves this to get
a=1/3, p=-1/5, n=2/5

or R=AE1/5p-1/5 t2/5

putting in the physics and
numbers
R=1.54x10"cm E, °n1> ¢,

(we have switched units, n 1S
particle density, t; 1S in units of
10° years, Es, is in

units of 10°! ergs.

v.=1950km/s E, Sn-15 t,3/5

T=5.25x107k E¥5n2/5 ;65 _



Sedov-Taylor Solution

o v~(2/5)(E/p)?5t 35

e Just behind the shock wave

P,=p, (y+1/y-1); vy is the adiabatic
index

v,=(4/5)(1/y+1) (E/py)*>t =35

Pressure
Pl=(8/25)(p0/y+1)(E/p0)2/5t -6/5

17



Next 2 Phases

e Constant Temperature Expanding Phase

The expansion velocity decreases with time and, radiative cooling
behind the shock front becomes important. When the radiative
cooling time of the gas becomes shorter than the expansion time,
the evolution deviates from the self similar one. In this phase, the
SNR evolves, conserving momentum at a more or less constant
temperature and the radius of the shell expands in proportion to the
1/4 power of the elapsed time since the explosion.

18



Radiative/Snow plough phase

T drops as a steep function of radius

===> at some point, T is below T, ., ~ 1 keV- the cooling function

increases steeply and the gas recombines rapidly; v,
~150km/sec

Age of SNR when this happens depends on models for cooling
functions, explosion energy and density.

roughly t_,,,~nkT/n?A(T) -~4x10%rT,3/2/n

cool
(A(T) is the cooling function)
phase starts when t_ <ts,qo Tg< EY/n 27

Between 17,000 and 25,000 years (assuming standard E, and n,) -
Then: THE END... SNR merges with surrounding medium

19



End of Snowplough Phase- Draine sec 39.1.4

The strong shock gradually slows (radiative losses and
accumulation of 'snowplowed' material)

Shock compression declines until v .. ~c, (sound speed); no
more shock

Using this criteria the 'fade away' time
tfade:N((erad/ t1rad)/ Cs)7/5 t1rad

trae~1.9x100 yrs Eg, 992 n0-97(c /10km/sec) "
¢,=0.3km/sec(T/10k)!"?

Rt,4e~0.06kpe Eg, 922 n0-7(c /10km/sec) 2>

20



Plasma takes time to come into equilibrium

e particle (“Coulomb”) collisions in

the post-shock plasma will bring | 20— T T
the temperature of all species,
including the free electrons, to an 00 Equitbrium i

equilibrium value: \ i, _
e kT =3/ 16punpvs2 080 ‘\‘\\\\ o T, |

* However it takes time for the
system to come into equilibrium

C&e0

e
2
AKX
05
s

and.f.0r a 10n.g ti.me.it 18 1n non- AR “ ‘[m |

equilibrium ionization (NEI) N '
1203 %

T~n t~3x10"“cm™s 20l ‘-.‘-.. |

if the plasma has been shocked
recently or is of low density it will
not be in equilibrium

— IIII |h|| B i I|:II|| L4 5 0igij
DDD - - - | "
o2 g 109 o' 102
OVID/OWT DENSITY RATIO
Fio. 3.—The results of our iomization nonegquilibriom model (see text), The
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Temperatures behind Electron Heating at SNR Shocks

shock are proportional Compare T, to T,
to mass

~ 2
kTi,e mi £ Vsh

1.0 T T=F=% L T ¢ ° 1 T T T

Electrons and ions will R B!
equilibrate their [ 5 Rakowski et al.
temperatures by SEEE 2003
Couloumb collisions, but &
possibly more quickly by ° [ 1
complicated collisionless ¢t ]
plasma processes : e

% i RCW 8‘6'-(SW) i
The efficiency of heating = N
depends on the Mach ° ool e N
number (shock velocity): ° | 7 el
faster electron heating in : N AN
Slower ShOCkS O.OO v .5(30. 1OIOOI " l15IOO. e .Z-OIOO. ‘ ‘-I25IOOI - .3000

shock velocity (km/s)
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e Timescale to reach equilibrium depends on ion and temperature-
solution of coupled differential equations.

10° T & :
T A
7 1 L1om
.:,E; R \ E 10
— [ Y \ 7]
a— 1 -
x A ,.-A:" — —

Fa 12 | ATY L2
o 0 BV N Do e 1 E
ﬂ_gu. L: \!1',{-_.:.-* = 1{}123
@ | ' — 2
E B L - o 18]
i; 10" : %
E ¢ = LE
E F = m“:
é i C I : E
= K - “5
-g 10“} B N —— H_E
] B i 7

AI —— Nl —— -
5 1{}9 1 1 | | IIIII 1 1 11 IIIII 1 1 11 11 III 1 1 11 1 IIII i
10* 10° 10° 107 10° 10°

Temperature (K)

axis| Density-weighted timescales (in units of em—2s) for C, N, O, Ne, Mg, Al S, Si, Ar, Ca, Fe, and Ni
owards lonization equilibrium in a constant temperature plasma. [Right axis] Density-weighted timescale fi
elr equilibrium value.
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Time-Dependent lonization

Oxygen heated to 0.3 keV
(Hughes & Helfand 1985)

Impulsive Shock Heating

'

.

Equilibrium

o

0.0

ITonizotiom froctiaomn

Q.0

Fully stri

H-like ion

He-like ion:

edh

102 03
ngt {yr em 2}

0t

0*

lonization is effected by electron-ion
collisions, which are relatively rare in the
~1 cm™ densities of SNRs

lonization is time-dependent

lonization timescale = n_t
electron density x time since impulsively
heated by shock

lonization equilibrium attained at
Nt ~10%cm=3 yr

lonizing gas can have many more H- and
He- like ions, which then enhances the X-
ray line emission

Inferred element abundances will be too
high if ionization equilibrium is
inappropriately assumed for an ionizing
gas 24



From SN explosion to SNR ()

D Type la SN model

y F. Ropke =10s

Carles Badenes
CfA 10/13/06

Hydrodynamics

Nonequilibrum
lonization

Tycho SNR & t=1.36-10 s

~_

9 decades in timel

t = 10.0=s

» Low p plasma in SNRs is in
Nonequilibrium lonization (NEI).

» Hydrodynamic evolution and X-
ray emission are coupled by the

NEI processes! [Badenes et al. 2003,
ApJ 593, 358; 2005, ApJ 624, 198]




Shocks mn SNRs

* Expanding blast wave moves supersonically
through CSM/ISM; creates shock o NN
- mass, momentum, and energy conservation R s

across shock give (with y=5/3) 7

ol g g

» Shock velocity gives temperature of gas
- note effects of electron-ion equilibration timescales

* If another form of pressure support is present (e.g. cosmic rays), the
temperature will be lower than this

Patrick Slane Harvard-Smithsonian Center for Astrophysics
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Electron Spectrum
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Patrick Slane

Shocked Electrons and their Spectra
» Forward shock sweeps up ISM; reverse
shock heats ejecta

- yields kT, ionization state, abundances

» nonthermal electrons produce synchrotron
radiation over broad energy range

- responsible for radio emission

- high energy tail of nonthermal electrons

yields x-ray synchrotron radiation

- rollover between radio and x-ray spectra
gives exponential cutoff of electron
spectrum, and a limit to the energy of
the associated cosmic rays

- large contribution from this component
modifies dynamics of thermal electrons

Harvard-Smithsonian Center for Astrophysics




log(density)

Fe bubbles Blondin et al. 2001

Instabilities

irregular shock boundaries
mixing between ejecta layers
Kifonidis et al. 2000 mixing between ejecta and ISM
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Remember Project

Due the week before the

last day of classes.. April
30

Evalutions:

CourseEvalUM will be open
for student evaluations for this
semester

Apr. 23 through May 10
https://courseevalum.umd.edu/

The evaluations are important
to me, the department and the
university: please take a little
bit of time and fill them out!

DO YOU HAVE AN (DEA FOR
YOUR PROJECT YET?

NO, TM
WAITING FOR
INSPIRATION.

You CANT JUST TURN ON
CREATIVITY LIKE A FAUCET,
You HAVE TO BE IN THE

RIGHT MooD.

WHAT MooD
IS THAT?

LAST- MINUTE
PANIC .




SNR are Thought to Be the Source of Galactic cosmic

rays

* They need to put ~ 5-20%
of their energy into cosmic
rays in order to explain the
cosmic-ray energy density
in the Galaxy (~2 eV/cm?
or 3x1038 erg/s/kpc?) , the
supernova rate (1-2/100yrs),
the energy density in SN
(1.5x10*! ergs/sec~2x10%
erg/s/kpc?)

e particles are scattered
across the shock fronts of a
SNR, gaining energy at
each crossing (Fermi
acceleration)

e Particles can travel the
Larmor radius

many young SNRs are actively accelerating
* R ~E,;/B 10uG Z kpc electrons up to 10-100TeV, based on modelsag their
synchrotron radiation



See Melia sec 4.3

e Fermi acceleration-

1949:
. . X-ray
e charged particles being - 2 shocks nehmabon
reflected by the , P electrons
Thermal accelerated

moving interstellar
magnetic field and
either gaining or

X-rays
from
shocked
ejecta

by diffusion
on magnetic
turbulence
on both
sides of the

losing energy,
depending on whether

. . Thermal
the "magnetic mirror" X-rays
. : from
1S approachlng or ) shocked Non-thermal
recedmg. energy gain ISM bremsstrahlung:

per shock crossing is acceleration of

proportional to
velocity of

shock/speed of light -
spectrum is a power
law

electrons at the
interface ejecta/ ISM p interface

(in some cases)

DeCourchelle 2007

Nice analogy- ping pong ball bouncing
between descending paddle and table



Particle Acceleration sec 4.4.2 in R+B

Spitovsky 2008

Particle acceleration:

U ulr
> —>

&E/(E — Vshock/G

N(E) ~ No EKO

Free energy: converging flows

Acceleration mechanisms:

® First order Fermi
eDiffusive shock acceleration
eShock drift acceleration
®Shock surfing acceleration

®Second order Fermi \

Efficient scattering of particles is required.
Monte Carlo simulations of rel. shocks show
that this implies very high level of
turbulence &B/B(Ostrowski et al). Is this
realistic? Are there specific conditions?

Requires turbulence for injection into
acceleration process and to stay near the
shock

Needs spectrum of turbulent motions
(waves) downstream.




Fermi Acceleration

2nd Order energy gained during the
motion of a charged particle in the
presence of randomly moving
"magnetic mirrors". So, if the
magnetic mirror is moving towards
the particle, the particle will end up
with increased energy upon
reflection.

* energy gained by particle depends on
the mirror velocity squared. - also
produces a power law spectrum

* First order: energy gained is
proportional to shock velocity

33



Test of Fermi
Acceleration Hypothesis SNR RXJ1713.7-3946

Collisionless Shock in SNRs

Shock Heating Shock Acceleration
' A
Thermal ions . | Fermi Acceleration
Maxwellian distribution: le

l

| Thermal electrons
Maxwellian distribution; kTe

ToIEEEE.  *Uchiyama

in young SNRs

X-ray (Suzaku) vs TeV (HESS)
Tanaka+2008

e Shock waves have moving magnetic inhomogeneities - Consider a charged particle
traveling through the shock wave (from upstream to downstream). If it encounters a moving
change in the magnetic field, it can reflect it back through the shock (downstream to
upstream) at increased velocity. If a similar process occurs upstream, the particle will again
gain energy. These multiple reflections greatly increase its energy. The resulting engtrgy
spectrum of many particles undergoing this process turns out to be a power law:



How Does the Fermi y-ray Signal 'Prove’ CRS are
Accelerated ?

y-rays can originate in SNR in 3 When cosmic-ray protons accelerated by
separate ways SNRs penetrate into high-density clouds, ;-

— Inverse Compton scattering decay 'y-ray emission is expected to be
enhanced because of more frequent pp

of relativistic particles
interactions (p+ +p+ 2042
— Non-thermal (p+p j> p+p 7f0j> p+2Y
bremmstrahlung A

T
o
I
=
w

— Decay of neutral pions into
2 y-rays
 the first 2 have broad band
~power law shapes

—h
-
o

.
\‘
Ly
LY
)
*
-

T II]III]I

101

T ill[II]]

e pion decay has a characteristic
energy E.=67.5 MeV- need to
— - — Bremsstrahlung with Break

convolve with energy :
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distribution of CR protons T 100 ot 100
Energy (eV)

—~ BesHitbroken power law
[ ] Fermi-LAT
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Fit of Fermi y-ray data to Pion model

* One of the fitted parameters is the proton spectrum need to
product the g-ray spectrum via pion decay.

e This indicates that the proton spectrum is not a pure power
law but has a break (change in slope) at high energies

. ~ w44 —
o 10% -
o = =
= = -
[&] i o=
& —
L ,.—.-‘:o-o =
5 1070 /gi.--‘ reehte, =
E = 35 L g X ] =
S = ‘:, ‘ %, e ]
s ¢t N
3 1 4 f f
T 10 f : %
© - .
@ — . 9
E = _
£ R Fitted n° decay model
8 - Derived Proton spectrum
107°=" | o vermas(s0
= & MAGIC (29)
_I IIIIIII 1 1 lIIIIII | 1 |||}|I| | | IIIIIII I‘\I IIiIIII
10° 10° 10" 10" 102

Energy (eV)

(B12) IP/NP z3 wni0ads uojoid






e an incoming proton with 135 MeV of kinetic energy cannot create a
neutral pion in a collision with a stationary proton because the
incoming proton also has momentum, and the collision conserves
momentum, so some of the particles after the collision must have
momentum and hence kinetic energy.

e Assume initially two protons are moving towards each other with
equal and opposite velocities, thus there is no total momentum. in
this frame the least possible K.E. must be just enough to create the
with all the final state particles (p,p,n,) at rest. Thus if the relativistic
mass of the incoming protons in the center of mass frame i1s m, the
total energy E=2m c*+m,c*and using total energy =m, /sqrt(1-v2/c*)

o cnergy of proton 1s 931 meV gives v/c=0.36c¢ ; use relativistic velocity
addition to get total velocty or a needed 280Mev of additional
energy-- threshold for x, production
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Sn1006

The first SN where synchrotron

radiation from a 'thermal’

remnant was detected- direct
evidence for very high energy

particles

Chandra sSN1006

DEC

-d41:4E

-41:50

-41:52

lShldmlSs LShldmid =

Enlarged SNmfilaments

direct evidence is the energy of the photons
emitted (~TeV)+ the needed particle energies
to produce synchrotron x-rays
Vonen~16keV(BEr,,*) Hz

loss time of the particles t,,,~400s B> E_ !
for field of 100uG one gets

E~100Tev, t,,~15 years-- so need
continual reacceleration

39



Evidence for Particle Acceleration- Tev Emission + X-ray Synch

SNR RX J1713. 723946 (G34/.3-0.

e
=]
-

~ X-rays 1 ~ 3 keY *,r-ray's > 800
":u ??**'Lﬁ'ﬂg- ' i~
E [ ° 1! g )
; 10"E W il
4] i
g | | }}L |
|
$ 0UE | \
— Combined fit \
s 2002 -
W 2004

—
(=]
-
|

111 11 Bl
12 108

Energy (TeV) ]
SS
(Aharonian et al. 2004: 2007) = 1152106 T,
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SN1006
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Type I SN and Cosmology

One of the main problems in astrophysics 1s understanding the origin and
evolution of the universe: how old 1s the universe, how fast is it expanding,
how much material and of what type 1s in it, what 1s its fate?

A major step in this is to determine the relationship between distance and
redshift

In General relativity there are 3 distances of relevance

— The proper distance D, that we measure to an object is the distance we
would get if we were to take a snapshot of the universe and directly
measure the distance between where we are and where the object 1s, at
some fixed time

— The luminosity distance D, is how far an object of known luminosity L
(measured in energy per time) would have to be in Euclidean space so

that we measure a total flux F (measured in energy per area per time),
D, =sqrt(L/(47F )).

— The angular diameter distance D, 1s the distance an object of known
size L would have to be in Euclidean space so that it appeared to be its

measured angular size 0; D ,=/2/0.

42



More Cosmology

* Each of these distances depends on cosmological parameters * in a
different way

— *1n classical cosmology -the Hubble constant (H,)
— The density of the universe in baryons Qg and total matter Q,,

— And ‘cosmological constant’ A or alternatively the equation of
state parameter w=P/p; where P and p are the pressure and energy

density of the universe (in GR the scale factor a and d?a/d*t
{(da/dt)/a}>={8nGp/3-k/a?}
* Back to type Ia SN-
— It turns out (when I say that it means a huge amount of work by
many people over many years) that type Ia SN are ‘standardizable

candles’- one can use their brightness, color and speed of decay
to determine an ‘absolute’ luminosity to ~10% accuracy.

— With a measured redshift and absolute luminosity one can get the
luminosity distance



e Use of SN Ia as 'standardizable candles'

e What we want to know 1is the absolute distance to the source
(luminosity distance)

m(z)=M+5 log d, (z.H, Q,,.2,)+25

d; (z,Hy 2,,,2,)=1c(1+2)/H sqrt(K) }xsin{sqrt(K) ﬁ(l+z‘)2(1+§2mz')—
7'(2+2")Q2,] 12 dz'}

k=1-Q_ -Q,.

the luminosity distance depends on z, Q_, €2, and Hjand in

principle seeing how it changes with redshift allows one to
constrain these parameters
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e Supernova on
demand-

— we know the
average SNIa rate
per galaxy/yr
(1/100 yrs for a
L(*) galaxy)

— To obtain ~10 SN
[a per 1 week of
observing have to
observe ~50,000
galaxies about ~2
weeks apart and
see what has
changed
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Pperlmuter et al 1997
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dSeveral Correlations Allow A Standard Candle to be

Created
e Phillips et al 1993 notce that
the change in brightness of the
SN Ia light curve at a fixed
timescale was related to the
absolute brightness of the SN
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3} i e . -19
| = E
gl g -8
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og 10 12 14 16 18 2.0

0 10 20 30 40 Am.(B)
days after B___
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The Phillips Relation
(post 1993)

Broader = Brighter

Can be used to compensate for
the variation in observed SN Ia
light curves to give a “calibrated
standard candle”.

Note that this makes the supernova
luminosity at peak a function of a
single parameter — e.g., the width.

Woosely 2010
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Standardizing Them

e There are a variety of
SNIa light curves and
brightness-

 However - luminosity
correlates strongly with
light curve shape
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97

Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010)
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UnionZ data-set

It Works Pretty Well *f | .

e The formal errors in the

cosmological parameters for

this method only are a good fit .
to A-CDM (cold dark matter) aaf
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Fermi 1949;
Spitkovsky 2008;

V.> 0 gain energy
V. <0 lose energy
Ae ~
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