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ABSTRACT

We use high-resolution three-dimensional adaptive mesh refinement simulations to investigate the interaction of
high-redshift galaxy outflows with low-mass virialized clouds of primordial composition. While atomic cooling
allows star formation in objects with virial temperatures above 10* K, “minihalos” below this threshold are
generally unable to form stars by themselves. However, these objects are highly susceptible to triggered star
formation, induced by outflows from neighboring high-redshift starburst galaxies. Here, we conduct a study of
these interactions, focusing on cooling through non-equilibrium molecular hydrogen (H;) and hydrogen deuteride
(HD) formation. Tracking the non-equilibrium chemistry and cooling of 14 species and including the presence
of a dissociating background, we show that shock interactions can transform minihalos into extremely compact
clusters of coeval stars. Furthermore, these clusters are all less than ~10° M, and they are ejected from their
parent dark matter halos: properties that are remarkably similar to those of the old population of globular clusters.
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Reactors and Reaction Networks

Atomic hydrogen (H, H*, H") : A=1

Atomic deuterium (D, D*, D) : A=2

Atomic helium (He, He*, He'**) : A=4

Molecular hydrogen (only two states: H,, H,*) : A=2
Molecular hydrogen deuteride (only two states: HD,
HD*): A=3

Total 13 species + electrons

84 reactions

From Glover & Abel 2008




Reaction Calculation

X;i=pi/p=n;A;/(pNs), N,=— (1)
mA
Yi = X;/Ai =n;/(pNa), (2)
=g 3
1 — dt — ) ()
i+ ] — k+1,
R = Z Y Vi () — Y Y Au(i), (4)

J.k



Reaction Calculation (Cont’d)

Ri =) Y Yihg() = Y;Yihp() = YiJ(ve), (5
J.k

the background radiation, J(v,).

Yelec — YH++YD++YHD++YH;’+YH6++2YH6+J’ —YH— —YD—. (6)
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Reaction Calculation (Cont’d)




Reaction Calculation (Cont’d)

4
Y =y 4 Z b; A, (7)
i=1

(A/yh = T)- A = F(Y"), (8)
(A/yh—=J0)- Ay = f(Y'+an A +cnA /b, (9)

(1/yh—J)-Asz = f(Y'+a31 A +a3Ar)+(c31 A +cly)/ b,
(10)

(1/yh —J)- Ay = f(Y"+an A +and +apAs)
+ (ca1 A1 + 42y +ca3A3)/h. (11)



Cooling

* Cooling by molecular hydrogen (T < 10% K)

H, + Dt - HD +H*  exothermic.

and

HD +H™ — H, +D". endothermic

* Cooling by atomic line emission (T > 10* K)



Time Step Control

Y; +0.1Yy+
Tchem,i — ®chem - ) (12)
Y;
CO0 Ei
Tcool — . I.X ’ (15)




Time Step Control

Chemistry
Calc: ©(c) <

T(e) = t(h)
th)=0

No

T(e) = t(c)
T(h) = t(h)-t(e)

> Evolve Chemistry for t(e)

Call Cooling

Is t(h) = 07

No

Cooling
Calc: T(cl) <

No Yes

Ei = Ei-$-1(e) ﬁl: gﬁ: %5 L
e 1(e) = t(e) - t(cl)

Done.
Back to Chemistry.



Code Test: Chemical Evolution
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Code Test: Cooling

Cooling Curves
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Figure 5. Cooling tests. The solid lines are taken from Prieto et al. (2009)
and compared to our model. The blue curves correspond to a number density
n=10cm3 redton = 10.0 cm™3, and green to n = 100.0 cm 3. The
temperature is not allowed to go below 50 K.



Model Simulations

Table 2
Summary of the Numerical Simulations in This Study

Name [ref Resolution (pc) Cooling Mode Background (J>1)

HBN 6 4.55 Case B 0
LBN 5 9.11 Case B 0
HBY 6 4.55 Case B 10~!
LBY 5 9.11 Case B 10!
HAN 6 4.55 Case A 0
LAN 5 9.11 Case A 0




Results: Reference Run
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Results: Reference R
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Results: Effect of Optical Depth
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Effect of Background Radiation
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Effect of Simulation Resolution
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Formation of Stellar Cluster
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