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Chiral hydrodynamics & neutron star kicks
kick

observation: neutron stars undergo
a large momentum change (a kick)
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observation: neutron stars undergo

hydrodynamics: fluids with a large momentum change (a kick)

left-handed and right-handed
particles produce a current
along magnetic field

e.g. right/left-handed
electrons, neutrinos, ...
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observation: neutron stars undergo

hydrodynamics: fluids with a large momentum change (a kick)

left-handed and right—handed
particles produce a current o
along magnetic field Z" 31,1"“‘""“ Chiral

i
e.g. right/left-handed hydrodynamics
electrons, neutrinos, ... leads to neutron
star kicks

[Kaminski, Uhlemann, Schaffner-
Bielich, Bleicher; (2014)]
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observation: neutron stars undergo

hydrodynamics: fluids with a large momentum change (a kick)

left-handed and right-handed

particles produce a current , o
along magnetic field Z"ttt:ttt e Anomalous x
e.g. right/left-handed B A hydrodynamics 5
electrons, neutrinos, ... leads to neutron ..;;f
star kicks

[Kaminski, Uhlemann, Schaffner-
Bielich, Bleicher; (2014)]
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1. Observations
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Neutron stars kicked out of their initial position
with velocities ~ 1000 km/s
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[Hubble Space Telescope (NASA/ESA), Shami
Chatterjee]

Neutron stars kicked out of their initial position

with velocities ~ 1000 km/s [Chatterjee et al.;
Astrophys. J (2005)]
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Matthias Kaminski

» compact star
* small radius
* large mass
* high density
P supernova
remnant
» quick rotation
» large B field
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Neutron star genesis

nebula  pigh-mass stars
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Neutron star genesis
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Neutron star genesis
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» compact star
* small radius
* large mass
* high density
P supernova
remnant
» quick rotation
» large B field

proto-neutron
stars are dense
objects with “crust”
and preferred
directions
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2. Previous kick mechanisms
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Two categories of kick mechanisms
Something has to cause an asymmetry in the momentum

distribution.

1.) asymmetric supernova explosion

2.) asymmetric emission of matter
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Two categories of kick mechanisms
Something has to cause an asymmetry in the momentum

distribution.

1.) asymmetric supernova explosion
[Scheck, Kifonidis, Janka, Muller; (2003)]

. [Wongwathanarat, Janka, Muller; (2010)]
» kicks of about 1000 km / S [Wongwathanarat, Janka, Muller; (2012)]

» random seed perturbations plus hydro instabilities (SASI)
» hydro model, neutrino transport, boundary cond’s [Plondin ?g;“;]
» timescale: ~5 seconds ‘
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2.) asymmetric emission of matter
» neutrino emission [Vilenkin (1978)]
» beyond the standard model[Fuller, Kusenko, Mocioiu, Pascoli (2003)]

s-neutrino kicks, nucl-th[Sagert, Schaffner-Bielich (2007)]
« v'«,

/
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Two categories of kick mechanisms
Something has to cause an asymmetry in the momentum

distribution.
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1.) asymmetric supernova explosion
[Scheck, Kifonidis, Janka, Muller; (2003)]

. [Wongwathanarat, Janka, Muller; (2010)]
» kicks of about 1000 km / S [Wongwathanarat, Janka, Muller; (2012)]
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2.) asymmetric emission of matter
» neutrino emission [Vilenkin (1978)]
» beyond the standard model[Fuller, Kusenko, Mocioiu, Pascoli (2003)]
» neutrino kicks, nucl-th|[Sagert, Schaffner-Bielich (2007)]
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Problems with previous kick mechanisms

ad 1.) asymmetric supernova explosion
» kick may be too small
» numerical analysis, no analytic understanding
» no magnetic dipole fields, no chiral hydro
» instabilities disturbed by other hydro effects?

ad 2.) asymmetric emission of matter
» neutrino kick too small
» neutrinos too cold
» microscopic asymmetry washed out[Kusenko, Segre, Vilenkin (1998)]

» need physics beyond the standard model
[Fuller, Kusenko, Mocioiu, Pascoli (2003)]

R 1 ./ Matthias Kaminski Anomalous hydrodynamics kicks neutron stars Page 10


http://arxiv.org/abs/astro-ph/9806205
http://arxiv.org/abs/astro-ph/9806205
http://www.arxiv.org/abs/astro-ph/0307267
http://www.arxiv.org/abs/astro-ph/0307267

Problems with previous kick mechanisms

ad 1.) asymmetric supernova explosion
» kick may be too small
» numerical analysis, no analytic understanding
» no magnetic dipole fields, no chiral hydro
» instabilities disturbed by other hydro effects?

ad 2.) asymmetric emission of matter
» neutrino kick too small
» neutrinos too cold
» microscopic asymmetry washed out[Kusenko, Segre, Vilenkin (1998)]

» need physics beyond the standard model
[Fuller, Kusenko, Mocioiu, Pascoli (2003)]

Our anomalous hydrodynamic formalism
addresses and overcomes these problems.
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3. Sophisticated simulations
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First 10 seconds inside proto-neutron stars
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10 km radius
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Matthias Kaminski

g scattering surfaces
AN 2 around 10 km
i » no anti-neutrinos
. g » only electron
3 flavor inside 10 km
3 » high densities
I » neutrinos trapped!
(everything trapped)
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First 10 seconds inside proto-neutron stars

Neutrino Energy [MeV]

[Fischer et al.; PRD (2011)]
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First 10 seconds inside proto-neutron stars
Neutrino Energy [MeV] [Fischer et al.; PRD (2011)]
e cf. [Wongwathanarat, Janka, Muller; (2012)]
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We are not interested in signals at infinity
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We are not interested in signals at infinity
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4. Chiral hydrodynamics

./ Matthias Kaminski
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4. Chiral hydrodynamics
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Hydrodynamic variables

Thermodynamics

T, p, u”

Hydrodynamics
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Hydrodynamic variables

Thermodynamics

T, p, u”

thermodynamic variables:
temperature, chemical potential,
velocity

Hydrodynamics
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Hydrodynamic variables

Thermodynamics

T, p, u”

thermodynamic variables:
temperature, chemical potential,
velocity

Hydrodynamics

T(t,©), u(t, ), u”(t,

hydrodynamic fields

ppra T
Z;q-.'-"‘i‘qk
S £\
'.')‘ 4 '* '

L
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Hydrodynamics

universal effective field theory, expansion in gradients of
temperature, chemical potential and velocity

o fields 1'(x), u(x), u’(x)

® conservation equation

V,i’ =0

® constitutive equation (Landau frame)
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Hydrodynamics

universal effective field theory, expansion in gradients of
temperature, chemical potential and velocity

o fields 1'(x), u(x), u’(x) :.‘.. -

® conservation equation

V,i’ =0

continuity: O¢n + V- ; =0

® constitutive equation (Landau frame)
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Hydrodynamics

universal effective field theory, expansion in gradients of
temperature, chemical potential and velocity

o fields T'(z), pu(z), u”(x) = =~

® conservation equation

V,i’ =0

continuity: O¢n + V- ]_) =0

-

® constitutive equation (Landau frame)

Conserved

current j'u — 'n/U,'u —+ V'u

Form can be derived and restricted from first principles.
[Landau, Lifshitz]
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Chlra]. hYdrOdynamiCS [Son,Surowka; PRL (2009)]
Derived for any theory with chiral anomaly [Feganayagam; arXiv (2011)]
(e.g. the standard model

V.,3" =0 classical of particle physics)
theory
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Derived for any theory with chiral anomaly [Feganayagam; arXiv (2011)]
(e.g. the standard model

theory
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Chlral hYdrOdynamiCS [Son,Surowka; PRL (2009)]
Derived for any theory with chiral anomaly [loganayagam; arxiv (2011)]
(e.g. the standard model

theory

Generalized constitutive equation with external fields:
-

Agrees with

PP =nut +oE o Bl 4oV wh 4 .| saee/aravity
. prediction
(non)  (ideal) conduc- magnetic  vorticity [Erdmenger, Haack,
conserved charge tivity field term term Kaminski, Yarom;
current  flow term JHEP (2009)]
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Chlral hYdrOdynamiCS [Son,Surowka; PRL (2009)]
Derived for any theory with chiral anomaly [loganayagam; arxiv (2011)]
(e.g. the standard model

theory

Generalized constitutive equation with external fields:
-

Agrees with

PP =nut +oE o Bl 4oV wh 4 .| saee/aravity
. prediction
(non)  (ideal) conduc- magnetic  vorticity [Erdmenger, Haack,
conserved charge tivity field term term Kaminski, Yarom;
current  flow term JHEP (2009)]

Chiral magnetic
conductivity:

oP =Cyu

anomaly-coefficient C

S
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Chlral hYdrOdynamiCS [Son,Surowka; PRL (2009)]
Derived for any theory with chiral anomaly [loganayagam; arxiv (2011)]
(e.g. the standard model

theory

Generalized constitutive equation with external fields:
-

Agrees with

PP =nut + BP0l B oV wh 4 .| geuge/gravity
. prediction
(non)  (ideal) conduc- magnetic  vorticity [Erdmenger, Haack,
conserved charge tivity field term term Kaminski, Yarom;
current  flow term JHEP (2009)]

Chiral magnetic
conductivity:

of =Cpu

anomaly-coefficient C

Observable in:

B heavy ion collisions?
T [Kharzeev, Son.; PRL (2011)]

neutron stars?

[Kaminski, Uhlemann, Schaffner-
Bielich, Bleicher; (2014)]
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Chiral effects in various currents
[Neiman, Oz; JHEP (2010)]

More than one anomalous current i . e
(0T = -gCabce _FWFPCr
Constitutive relation:

Jt = nout + 0, PV —I—(UX wH + af’bBb*}L 0(8?)

-
Chiral magnetic conductivity:

B C ]
J@ — Cabc 9 o b

various charges '*—’H\
(e.g. lepton number,

electromagnetic charge, ...)
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5. Kicks from hydrodynamics

Matthias Kaminski
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Relevant currents in neutron stars
[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]

U A bucket full of electrons and
- - B = 0.1 MeV?
electron neutrinos with short .
mean free path Ié.. 5 g. p” == 300 MeV
k ig« 7]
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Relevant currents in neutron stars
[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]

SUN- A bucket full of electrons and ,
electron neutrinos with short B; = 0.1MeV
mean free path Ié.. 5 i. p” == 300 MeV
Microscopic (standard model) currents: axial/lepton/EM:
JZ:) =ery'er, — eryer + v vg
J) =ery'er +eryter + vyt L
JEar
| , Jr’i;\f’\(
5 IRED
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Relevant currents in neutron stars
[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]

_ A bucket full of electrons and ,
. electron neutrinos with short B =0.1MeV

H e S g -
§ | mean free path P ob o 0 u =~ 300 MeV

Microscopic (standard model) currents: axial/lepton/EM:

Jg% =ery'er, — eryer + v vg

J) =ery'er +eryter + vyt L
I

JEM

Macroscopic (hydrodynamic) description:

Jt = nu* + 0,V + o) wH + O(6%)

B C
Tup = Cabe 1
‘CI'U.St” ab abc

A
A LAy

A L o\
J& oA
WS ',< v\
M ~
i % o)
G | 2
‘v q oy :"
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. S I/‘
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Estimate of the neutron star kick

S5 t § | emitced [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
% tneuuinos
tttt t A bucket full of electrons and ,
electron neutrinos with short B =0.1MeV
mean free path R T 1t~ 300 MeV
(pv) = pt.

B c
Tap = Cabe 1t
/f"ﬁ:;'\’\ \
(Bl "R 2
xR | 52y
6
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Estimate of the neutron star kick

o emitted [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
ZP:‘ t tt tneutrinos
©opptis A bucket full of electrons and ,
- electron neutrinos with short B = 0.1 MeV

1t =~ 300 MeV
(p) = p”.

mean free path

- i x-"
E%:q -~ .Afl
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Estimate of the neutron star kick

o emitted [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
ZP" t tt tneutrinos
©opptis A bucket full of electrons and ,
electron neutrinos with short B =0.1MeV

1t =~ 300 MeV
(p) = p”.

mean free path

( Chiral conductivity:

B /
O¢p5 EM — Co.e5.EM I
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Estimate of the neutron star kick

o emitted [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
ZP" t tt tneutrinos
©opptis A bucket full of electrons and ,
electron neutrinos with short B =0.1MeV

1t ~ 300 MeV
(pv) = #f-

mean free path

( Chiral conductivity:

B 14
Ops EM — CE,EB,EM,U

Axial lepton current:

jgd = Cueg ~ € - 1 MeV?
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Estimate of the neutron star kick

iy p | emined [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
%i I neutrinos

' tttt t A bucket full of electrons and ,
B electron neutrinos with short B =0.1MeV

1t ~ 300 MeV
(p) = p”.

mean free path

( Chiral conductivity:

B 14
Ops EM — CE,%,EM,U

Axial lepton current:
Jps = CutB ~ g - 1 MeV?3

Partlcle flux and momentum transfer:

APng = AtN (p,,)
At ~ 10s

| J‘ surface
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Estimate of the neutron star kick

5 a }, cmited [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
! t I neutrinos
' tttt t A bucket full of electrons and

electron neutrinos with short B = 0.1 MeV?
1t =~ 300 MeV

(pv) “#f-

mean free path

( Chiral conductivity:

B 14
Ops EM — CE,%,EM,U

Axial lepton current:
, Jps = CutB ~ g - 1 MeV?3
Partlcle flux and momentum transfer:

APng = AtN (p,,)
At ~ 10s

— |J‘ surface

Neutron star mass: mys=3-10*"kg
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Estimate of the neutron star kick

. emitted [Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; (2014)]
ZP' t tt Ineuuinos
1 3 A bucket full of electrons and ,
B electron neutrinos with short B =0.1MeV

1t ~ 300 MeV
(p) = p”.

mean free path

( Chiral conductivity:

B 14
Ops EM — CE,%,EM,U

Axial lepton current:

, Jps = CutB ~ g - 1 MeV?3
Partlcle flux and momentum transfer:
APng = AtN (p,,)

At=10s
Neutron star mass: mys=3-10*"kg

— |J‘ surface

Kick velocity agrees km

with observations: —>  Ukick = 1000?
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6. Observable signals?
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Anomalous hydrodynamics kicks neutron stars

Page 22



& e s Matthias Kaminski

Observable signal?

A

Anomalous hydrodynamics kicks neutron stars

Page 23



Observable signal?

rotation
axis

Prediction: Kick magnitude
depends on angle between
rotation axis and internal
magnetic field axis.

For fast spinning neutron
stars, kick directed along
rotation axis.
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Summary
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(_

hydrodynamics: fluids with left-handed
and right-handed particles produce a
current along magnetic field

observation: neutron stars undergo
a large momentum change (a kick)

g Outlook

PIL IR Yl » check with simulation
" 1Pt Anomalous » kick aligned with spin?
o d hydrodynamics leads » determine B from kick

to neutron star kicks » measure gravitational

e 1 [Kaminski, Uhlemann, Schaffner anomaly?

Pns Bielich, Bleicher; (2014)]
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hydrodynamics: fluids with left-handed
and right-handed particles produce a
current along magnetic field

observation: neutron stars undergo
a large momentum change (a kick)

(

Outlook
» check with simulation

» kick aligned with spin?
» determine B from kick
» measure gravitational
anomaly?

Anomalous A
hydrodynamics leads
to neutron star kicks

[Kaminski, Uhlemann, Schaffner
Bielich, Bleicher; (2014)]

further implications of
chiral effects

Anomalous hydrodynamics kicks neutron stars Page 24


http://xxx.lanl.gov/abs/0809.2488
http://xxx.lanl.gov/abs/0809.2488
http://xxx.lanl.gov/abs/0809.2488

Come visit the University of Alabama, Tuscaloosa
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Holography Workshop & Summer School

ATERNATIONAL PESEASCH WORWSHO” B SUNMEY SCHOO
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http //bama.ua.edu/~mkaminski3/UA_Workshop 2015/

£ Overview.htm
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APPENDIX: chiral effects in vector/axial currents
see e.g. [Jensen, Kovtun, Ritz; JHEP (2013)]

Vector current (e.g. QCD U(1))

J, =+ &w! + &y B! + &y aBl

chiral
magnetic
effect

Axial current (e.g. QCD axial U(1))

Jy =+ +EB +EanBYy

chiral chiral
vortical separation
effect effect
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see e.g. [Jensen, Kovtun, Ritz; JHEP (2013)]

Vector current (e.g. QCD U(1))

J, =+ &w! + &y B! + &y aBl

chiral
magnetic
effect

Axial current (e.g. QCD axial U(1))

Jy =+ +EB +EanBYy

chiral chiral
vortical separation
effect effect
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APPENDIX: chiral effects in vector/axial currents
see e.g. [Jensen, Kovtun, Ritz; JHEP (2013)]

Vector current (e.g. QCD U(1))

J, =+ &w! + &y B! + &y aBl

chiral
magnetic
effect

(Axial current (e.g. QCD axial U(1)) )

Jy =+ +EpBFHEanBYy

chiral chiral
vortical separation
L effect effect y
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